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Abstract
Discovered in 2001, magnesium diboride (MgB2 ) is the latest superconductor suitable for large scale applications (magnetic resonance imaging systems (MRI), fault
current limiters (FCL), high-ﬁeld magnets). Compared to other metallic superconductors like NbTi (Tc = 9 K) and Nb3 Sn (Tc = 18 K), it has the advantage
of a higher critical temperature (Tc = 39 K), which enables its application at the
temperature of 20 K and, hence, signiﬁcantly reduces the cost of the cooling system. This, together with the comparatively low cost of the magnesium and boron
raw materials, as well as the relatively simple fabrication of MgB2 wires and tapes,
has motivated the active investigation and study of this superconductor by many
research groups all over the world. As a result, a signiﬁcant breakthrough for
application of MgB2 conductors at high ﬁelds has been made with introduction of
carbon into the crystal lattice of MgB2 via chemical doping.
The main focus of this work was on the study of the microstructural and
superconducting properties of MgB2−x Cx superconductors and establishing correlations between them. To obtain MgB2−x Cx compounds with diﬀerent characteristics, various C-based doping materials and processing parameters were employed.
The systematic study of the microstructural and superconducting properties of
MgB2−x Cx samples conducted in this work allowed us: (i) to predict suitable
dopants for MgB2 ; (ii) to improve chemical doping by carbon; (iii) to identify the
relevant negative microstructural factors and estimate their eﬀects on limitation
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of the current-carrying ability in MgB2−x Cx samples. The results described in this
work can be used as a guide for the achievement of the characteristics required for
practical applications of MgB2 superconductors.
Investigation of the properties of MgB2−x Cx superconductors as a function of
the processing parameters showed that the doping level, sintering temperature,
and cooling time control the density of pinning centers in MgB2−x Cx , and aﬀect
the connectivity of grains and transparency of grain boundaries to current ﬂow.
Analysis of the pinning mechanism in the samples studied has led to establishing
that the dominant pinning is on grain boundaries in the pure MgB2 samples, and
on grain boundaries and crystal lattice defects in the MgB2−x Cx samples.
To demonstrate the eﬀect of the pinning environment on the current-carrying
ability in MgB2−x Cx superconductors, a comparative study of the microstructural
and superconducting properties for pure, nano SiC-, and C-doped MgB2 wires
was carried out. In both SiC- and C-doped samples carbon substitution into the
MgB2 crystal lattice results in the enhancement of the upper critical ﬁeld, Bc2 .
However, it was revealed that the presence of SiC dopant allowed carbon substitution and MgB2 formation to take place simultaneously at low temperatures.
Therefore, the microstructure of this SiC-doped sample assures maximal density
of pinning centers (large number of grain boundaries, i.e. small grain sizes, and
crystal lattice defects) and enhances pinning. These factors (higher Bc2 value and
stronger pinning) are responsible for the superior enhancement in critical current
density at relatively high ﬁelds in the SiC-doped sample. In contrast, for C-doping,
higher processing temperatures are required for generation of a dense network of
crystal lattice defects. In this case, the microstructure consists of larger grains,
and the pinning on smaller number of grain boundaries becomes weaker, reducing
the total pinning force and critical current density. An important outcome of this
study was the establishment of the dual reaction model (simultaneous formation of
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MgB2 compound and C substitution into the lattice), which enables us to predict
desirable dopants for enhancing the properties of MgB2 . These should be C-based
compounds which decompose, producing highly reactive C at temperatures below
the temperature of MgB2 formation.
Ideally, dopants should be homogeneously distributed within host the Mg and B
powders and not contaminate grain boundaries in formed MgB2 . The liquid mixing
approach, a new advanced and at the same time simpliﬁed approach to chemical
doping of MgB2 superconductor with carbon, was found to partially fulﬁll these
requirements. Carbohydrates (sugar and malic acid) and polycarbosilane (a polymer analog to nano SiC-doping) were employed as doping materials. Liquid mixing
has been shown to coat each individual nano sized boron powder particle with a
nano-layer of amorphous carbon. Fresh unpassivated carbon extracted from carbohydrates or polycarbosilane easily incorporates itself into the MgB2 crystal lattice.
This enhanced incorporation promoted by the maximal reaction surface assured
by coating generates microstructure with a dense network of pinning sites and
results in signiﬁcant improvement of the superconducting properties in MgB2−x Cx
material. The results observed suggest that sugar as a dopant exhibits a stronger
potential for practical application of MgB2 superconductor in the high ﬁeld region
than nano carbon doping. Similarly, stronger enhancement of superconducting
properties was observed in polycarbosilane doped MgB2 compared to nano SiC
doping. The latter was ascribed to the formation of a microstructure with Mg2 Si
impurity phases mainly distributed within superconducting MgB2 grains. In this
case, transparency of grain boundaries was likely improved, which resulted in the
observed enhancement of critical current density at Ba > 2 T.
Systematic analysis of the microstructures and superconducting properties of
sugar, malic acid, and polycarbosilane-doped MgB2 samples demonstrated that
the critical current density was also signiﬁcantly aﬀected by the microstructural
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properties in the low ﬁeld region. The results observed led to the development of a
model, which allowed us to estimate the level of critical current density (Jc ) limitation due to the microstructural features of pure and C-doped MgB2 samples. This
model is based on the identiﬁcation of individual contributions by various defects
to critical current density limitation. These defects in the MgB2 microstructure
include porosity and non-superconducting phase inclusions (so-called “geometrical” defects), as well as the connectivity and transparency of grain boundaries.
The results observed showed that a higher level of “geometrical” defects results in
stronger limitation of critical current ﬂow through the sample and lower measured
Jc values. The elimination of the “geometrical” defects would result in critical current densities that are a factor of 1.5 - 2 higher than currently measured values.
The role of grain boundaries connectivity was found to be even more dramatic.
For samples with fully connected grains, the estimated critical current densities
were about one order of magnitude higher than the measured values. Moreover,
the results of analysis showed that the low ﬁeld Jc values are mainly determined
by the connectivity and transparency of grain boundaries, while in ﬁeld Jc (Ba )
performance is aﬀected by these defects in the microstructure to a lesser extent,
and its behaviour is mainly determined by the pinning environment in the samples. It also was observed that while a denser pinning network favors in ﬁeld
Jc (Ba ) behaviour, this results in reduction of grain boundary transparency and
more pronounced critical current density limitation in the low ﬁeld region.
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Chapter 1
Fundamental properties of
superconductivity
Superconductivity is a physical phenomenon, which has been a fascinating, exciting, and at the same time, challenging topic for decades. Since its discovery,
magnetic properties of superconductors have been undergoing thorough experimental investigations accompanied by theoretical development.
Superconductivity was discovered in 1911 by H. Kamerling Onnes [1], just
3 years after he had ﬁrst liquiﬁed helium and was subsequently able to reduce the
temperature of liquid helium down to as low as 0.9 K. He began to investigate the
electrical properties of metals at extremely low temperatures. The ﬁrst material
he investigated was mercury, the high purity metal at the time. He found that
the electrical resistivity of mercury suddenly dropped to zero (indeed, a lower
than measurable value), when the sample was cooled below 4.2 K [1]. Onnes
realized that this phenomenon represented a new physical state and named it
the superconducting state. His further investigation of other materials showed
that the transition from the normal to the superconducting state occurred at
diﬀerent temperatures for diﬀerent metals. This temperature was called the critical
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temperature (Tc ). Onnes also observed that a huge current density could ﬂow
through the mercury sample in its superconducting state. However, there was a
threshold value for the current density above which the sample returned to the
normal state [2]. This threshold value was called the critical current density (Jc ).
Moreover, it also was observed that a magnetic ﬁeld higher than some threshold
value Bc , the critical magnetic ﬁeld, can simply destroy superconducting state.
This Bc value depended on temperature. It was found empirically that Bc (T ) is
quite well approximated by a parabolic law [2]:

Bc (T ) ≈ Bc (0)[1 − t2 ]

(1.1)

where t = T /Tc is the reduced temperature.
In the early stages, it was found by Meissner and Ochsenfeld [3] in 1933 that
the hallmark of “ideal” superconductivity is not only the absence of electric resistivity, but also a complete magnetic ﬂux expulsion, independent of the magnetic
prehistory. In the other words, the material becomes fully diamagnetic in the superconducting state. This is the so-called Meissner eﬀect. Due to the Meissner
eﬀect, if an external magnetic ﬁeld is applied to a sample which is in the superconducting state, an electric current is produced near the surface of the sample, in
such a way as to create a magnetic ﬁeld that exactly cancels the external magnetic
ﬁeld.
The Meissner state was theoretically described by Fritz and Heinz London in
1935 [4]. They employed the Maxwell equations to develop a set of electrodynamic equations, called the London equations. According to the Londons’ theory,
the magnetic ﬁeld exponentially decreases with increasing distance from the surface of the superconducting sample. The characteristic decay length is called the
penetration depth (λ). The empirical temperature dependence of λ(T ) can be
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approximated by
λ(T ) ≈ λ(0)[1 − t4 ]−1/2

(1.2)

It was noted that the actual superconducting penetration depth (λ) observed
experimentally was large than the London penetration depth (λL ). This discrepancy was successfully solved by A. B. Pippard in 1955 [6], who introduced the
concept of the coherence length ξ0 by proposing a nonlocal generalization of the
London theory. The parameter ξ0 plays a role analogous to the mean free path 
in the nonlocal electrodynamics of normal metal. The coherence length ξ in the
presence of scattering was assumed to be related to that of pure material ξ0 by
1
1
1
+ .
=
ξ
ξ0 

(1.3)

The observed increase in experimental λ values compared to λL was consistent with
the decreasing mean free path predicted by Eq. (1.3). Thus, Pippard anticipated
the form of electrodynamics found several years later from the microscopic theory.
A theoretical explanation for superconductors based on general symmetry properties was developed by V. Ginzburg and L. Landau in 1950 [5]. This theory, known
as the Ginzburg-Landau (GL) theory, introduced an order parameter ψ, which deﬁnes the local density of superconducting electrons ns =| ψ(x) |2 . One of the
central parameters of the GL theory is the GL parameter

κ = λ/ξ

(1.4)

In this formula, λ is the penetration depth and ξ is the GL coherence length. ξ is a
temperature dependent parameter, which describes the distance over which ψ(x)
may vary. In a pure superconductors at temperatures far below Tc , ξ(T ) = ξ0 ,
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although near Tc :
ξ(T ) ≈ ξ0 [1 − t]−1/2 .

(1.5)

The Ginzburg-Landau theory provided a good explanation of the macroscopic

(a)

Density of states

Density of states

properties of superconductors, leaving microscopic properties unsolved.

Energy

(b)

Energy gap,

Energy

Figure 1.1: Density of states versus energy for normal metal (a) and for metal
in the superconducting state (b).

In 1957, J. Bardeen, L. Cooper, and R. Schrieﬀer proposed a microscopic theory
based on an electronic pairing mechanism [7]. This theory was widely accepted and
is well known as BCS theory. The BCS theory explained the existence of an energy
gap between the ground state and the quasi-particle excitations of the system
(Fig. 1.1). In normal metal at absolute zero, all energy states are occupied by
electrons up to the Fermi energy, EF (Fig. 1.1(a)). For superconducting materials,
there is a break in the density of states curve near EF , called an energy gap,
which has width Δ = 1.76kB Tc , where kB is Boltzmann’s constant (Fig. 1.1(b))
[7]. A key conceptual element in this theory is an attractive interaction between
electrons close to the Fermi level into so-called Cooper pairs by means of the
electron-phonon interaction (or interaction with the crystal lattice). The Cooper
pairs have size ξ0 and are the superconducting charge carriers. The BCS theory
explained superconductivity in the low temperature and low magnetic ﬁeld regime.
Theories of superconductivity give the mathematical relationship between su-
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percurrent (Jc ) and the superﬂuid velocity vs = qs /m (where qs is the ﬁnite center
of Cooper pair mass momentum). The Jc (vs ) function has a maximum Jc = Jdp
value at vs = Δ/mvF , where Δ is the width of the energy gap, m is the electron mass, and vF is the velocity of a Cooper pair near the Fermi surface. The
maximum Jdp value, called the depairing current, is the current at which the ﬁrst
Cooper pair is broken and the energy gap decreases.

Figure 1.2: Phase diagram for an ideal superconductor of type-I (left) and type-II
(right).

A. A. Abrikosov theoretically investigated the properties of superconductors in
external magnetic ﬁelds. In 1957 he discovered that superconducting materials can
be divided into type-I (classical) and type-II (Abrikosov) groups [8]. Abrikosov
showed that there is an exact breakpoint between these two types of superconduc√
tors at the GL parameter κ = 1/ 2 (Fig. 1.2). As shown in Fig. 1.2, in type-I
√
superconductors (with κ < 1/ 2), superconductivity exists only up to the breakdown ﬁeld Bc (T ). In the type-I superconductors only the Meissner state exists.
√
However, for the type-II superconductors (with κ > 1/ 2), the division of the
superconductor into superconducting and normal regions (the so-called Shubnikov
or mixed state) is energetically more beneﬁcial. Abrikosov further found a periodic
solution of the phenomenological GL theory for the Shubnikov state in type-II superconductors. He interpreted this solution as a lattice of ﬂux lines (or Abrikosov
vortices), each containing a magnetic ﬂux quantum Φ0 = h/2e = 2.07×10−15 Tm2 .
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These ﬂux lines consist of a normal core of radius ξ, with ψ = 0 at the center of
each line. These normal cores are surrounded by a vortex of supercurrent, which
decays exponentially over a distance λ(T ) for bulk samples. This ﬂux-line lattice
exists in type-II superconductors in a ﬁeld range (Fig. 1.2) starting from Bc1 , the
lower critical ﬁeld, when the ﬁrst vortex enters the superconductor:

Bc1 

Φ0
lnκ
4πλ2

(1.6)

up to Bc2 , the upper critical ﬁeld, when vortex normal cores start overlapping:
Bc2 =

Φ0
.
2πξ 2

(1.7)

If an external current density J is applied perpendicular to the ﬁeld direction,
ﬂux lines move reverse to the (J, Ba )-plane under the inﬂuence of the Lorentz
force density FL = J × Ba (where Ba is applied magnetic ﬁeld). Vortex movement leads to an induced voltage in the direction of the current and, therefore,
to a ﬁnite linear resistivity. In real superconducting materials there are always
some inhomogeneities present. These inhomogeneities provide numerous pinning
centers, which pin magnetic vortices penetrating into the sample with increasing
applied magnetic ﬁeld and prevent their movement. This eﬀect is called pinning.
The Lorentz force is counteracted by a bulk pinning force Fp . At zero temperature
voltage is observed only in the case when J exceeds the critical current density
Jc = Fp /Ba .
The overall study of superconductivity was boosted after the discovery in 1986
by G. Bednorz and A. Müller [9] of high temperature superconductors. In this new
class of layered superconductors, the properties are dominated by CuO2 planes.
Tc values of many high temperature superconductors (HTS) are ≥ 77 K (the
temperature of liquid nitrogen) [10; 11; 12]. The prospectively high operating
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temperatures of HTS conductors created a new challenge for scientists. Diﬃculties
on the way to application of the HTS are associated with pronounced thermal
ﬂuctuations, short coherence lengths, and weak links on the grain boundaries in
these materials.
The second boom in the superconductivity ﬁeld was generated by the discovery
of superconductivity at 39 K in MgB2 by J. Nagamatsu in 2001 [13]. The Tc
value of MgB2 was surprisingly high compared to other binary superconductors,
almost twice as high as the Tc of 23 K reported for Nb3 Ge compound, which was
believed to be the highest value possible according to BCS theory [14]. Therefore,
the high Tc value of MgB2 attracted enormous interest towards clarifying the
mechanism of superconductivity in this material. Although the Tc of MgB2 is much
lower than the Tc of HTS conductors, the fabrication of MgB2 superconductors
was quickly developed. Such characteristics as the large coherence length, low
anisotropy, strong grain connectivity, and high critical current density all make
MgB2 superconductor a good candidate for practical application.
In this thesis, the properties of MgB2 superconductor have been studied. The
main focus of the work was to understand and improve these properties and push
them toward practical application. This goal was mainly addressed by the introduction of (C-based) chemical doping.

Chapter 2
Literature overview
2.1

Introduction

Magnesium diboride was ﬁrst synthesized in the 1950s, but only in 2001 were its
superconducting properties discovered at temperatures below 39 K [13]. Extensive
research has been undertaken to understand both the theoretical and the practical
aspects of this new superconductor.
From the theoretical point of view, MgB2 represents a special group of superconductors. This is because, unlike other known superconductors, which have
only one energy gap near the Fermi surface, MgB2 has two energy gaps. The existence of multigap superconductivity was predicted over 50 years ago [15], but no
materials showed this property; the ﬁrst case appeared to be that of MgB2 .
From the practical point of view, the relatively high transition temperature
of MgB2 (39 K) makes it attractive for application at 20 K, a temperature that
is reached relatively easily with cooling machines (cryocoolers), which lowers the
cost of application of this superconductor.
This literature review brieﬂy summarizes the knowledge obtained on the basis
of both theoretical and practical studies. The crystal and electronic structure as

2.2. Crystal and electronic structure of MgB2 compound. Two-gap
superconductivity in magnesium diboride
9
the main reasons for the observed two-gap superconductivity in MgB2 are presented in section 2.2. The superconducting properties and their behaviour as
observed in pure MgB2 material are presented in section 2.3. The eﬀect of chemical doping and its inﬂuence on the main characteristics of MgB2 superconductor
are shown in the section 2.4. The main emphasis is put on the description of
eﬀects arising from SiC doping, as this material gives superior improvement in the
superconducting properties of MgB2 . In section 2.5, the technological aspects of
the fabrication of MgB2 superconductor in the form of bulk, wires, and tapes will
be presented. In addition to the main achievements made on MgB2 investigation
and improvement, the most recent advances will also be outlined.

2.2

Crystal and electronic structure of MgB2 compound. Two-gap superconductivity in magnesium diboride

The MgB2 compound has a simple AlB2 -type hexagonal structure (Fig. 2.1), with
a space group corresponding to P6/mmm. The lattice parameters are a = 3.086 Å
(equal to the in-plane Mg-Mg distance) and c = 3.524 Å (the distance between
Mg- and B-layers) [16]. In the MgB2 structure graphite-type boron layers are
separated by hexagonal close-packed magnesium layers. Each Mg atom is located
between the centers of two hexagons of boron atoms and donates its electrons to the
boron planes. The distance between the out-of-plane boron atoms in the layered
MgB2 crystal structure is signiﬁcantly longer than the in-plane B-B distance [16].
Therefore, MgB2 exhibits anisotropic properties when magnetic ﬁeld and electrical
current are applied in various directions with respect to the B planes.
The Fermi surface of MgB2 , describing the lowest available electron energy
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c

Figure 2.1: The crystal structure of MgB 2 compound. The hexagonal unit cell
has in-plane and out-of-plane lattice parameters of a = 3.086 A and
c = 3.524 A, respectively [16}.
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two sheets are two-dimensional σ-bands formed by the covalent pxy boron orbitals.
They can be seen as red and yellow cylindrical Fermi surfaces centered around the
ΓAΓ line; both σ-bands are hole type. At the Fermi surface, the π- and σ-bands
contribute equally to the total density of states.
The charge distribution of the σ-bonding states is not symmetrical with respect
to the in-plane positions of boron atoms [17] and leads to very strong coupling
of the σ-bonding states to the in-plane vibration of boron atoms (the optical E2g
phonons). This coupling results in strong electron-pair formation of the σ-bonding
states, which is mainly responsible for the superconductivity in MgB2 . In addition,
the boron electrons involved in π-bonds also form superconducting electron pairs,
but these pairs are much weaker. Electrons on diﬀerent parts of the Fermi surface
form pairs with diﬀerent binding energies. Each π- and σ-band has an energy gap
at the Fermi surface. The magnitude of the energy gap at 4 K ranges from 6.4 to
7.2 meV for the σ-bands, and from 1.2 to 3.7 meV for the π-bands (Fig. 2.2(b))
[17]. Interestingly, both gaps decrease with increasing temperature and equally
become zero at T = Tc (Fig. 2.2(c)) [17].
Clear indications for two-gap superconductivity in MgB2 were found in experimental studies with diﬀerent techniques, such as speciﬁc heat [18; 19], tunnelling
spectroscopy [20; 21; 22; 23; 24; 25], and point contacts [25], as well as in magnetic
[26] and optical [27; 28; 29] properties. The average values of the gaps observed in
diﬀerent experiments are 7 meV for the σ-sheets and 2 meV for the π-sheets [30].
Finding the two-gap superconductivity in MgB2 has generated extensive theoretical studies, as well as abundant research activities aimed at adaptation of this
material for practical application. The superconducting properties of this material
that are important for practical application are described below.

2.3. Superconducting properties of pure MgB2

2.3
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Superconducting properties of pure MgB2

The main characteristics of any superconducting material are the critical (or transition) temperature (Tc ), the critical current (Ic ) or critical current density (Jc ), and
the upper critical (Bc2 ) and irreversibility (Birr ) ﬁelds. For practical application
of superconductors, it is economically beneﬁcial to have superconducting material
with as high a critical temperature as possible. This would reduce the cost of the
cooling system, which is the most expensive aspect of employing superconductors
in practice. In addition, superconducting products (such as wires, tapes, and thin
ﬁlms) are characterized by their production cost per current transferred by 1 m of
this product ($/A − m). It is clear that superconductors with high Ic (or Jc ) are
in demand. Since many superconductors are designed for generation of high ﬁelds
in magnets, it is vital to produce materials with properties that will not degrade
rapidly with applied magnetic ﬁelds. Stated diﬀerently, for practical application
superconductors should also have high Bc2 and Birr ﬁelds.
In the following sections, the inﬂuence of distinctive features of the crystal
structure, the two-gap superconductivity, and the microstructure of pure MgB2 on
its superconducting properties will be brieﬂy described.

2.3.1

Critical temperature

In the ﬁrst paper that appeared on superconductivity in MgB2 , the temperature
dependence of the resistivity under zero magnetic ﬁeld showed the existence of a
superconducting transition that started near the temperature of 39 K and had a
transition width of 1 K [13].
The critical temperature of pure MgB2 depends greatly on its crystal structure.
Any change in the lattice parameters or the appearance of microstrains inﬂuences
the Tc value. Thus, a decrease in Tc has been demonstrated in experiments with
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isostatic pressure [32; 33; 34; 35], compressive strain [36], and neutron irradiation
of MgB 2 [37; 38; 39] - all resulted in a change in the lattice volume. There are also
reports on Tc degradation caused by increased lattice strain [40; 41]. Increased
lattice strain may occur due to Mg deficiency (Fig. 2.3(a) [40]), and it may also
be generated by impurity/defect formation within MgB 2 grains [40; 41]. In addition to micro (lattice) strain, low crystallinity always reduces the Tc value of
pure MgB2' due to more disorder in the crystal lattice [41; 42]. Low crystallinity
may be due to low temperature processing. This is demonstrated in Fig. 2.3(b)
(data are from Ref. [42]), where Tc-values and the full width at half maximum
(FWHM) of the (101) X-ray diffraction peak are plotted as a function of heat
treatment temperature. It is well known that the FWHM values can be employed
as a characterization of the sample crystallinity: the higher the FWHM values,
the lower the crystallinity is. As can be seen, better crystallinity (lower FWHM
values)
result S III
. h'19h er Tc values.
"

The disorder'
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.
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pressive strain) or micro (Mg deﬁciency, nano-inclusions, defects) strains, neutron
irradiation, and low crystallinity decrease the critical temperature of MgB2 as a
result of crystal lattice distortion. However, practical application of MgB2 superconductor is aimed at a temperature of 20 K, and therefore, degradation of the Tc
value by several K is acceptable.

2.3.2

Critical ﬁelds and their anisotropy

MgB2 is a representative of type-II superconductors and hence, characterized by
two critical ﬁelds: the lower (Bc1 ) and the upper (Bc2 ) critical ﬁelds (Fig. 1.2).
Due to the anisotropic layered structure of MgB2 superconductor, this material
exhibits anisotropic superconducting characteristics (λ and ξ) in two directions:
parallel and perpendicular to the ab-plane. This, according to Eqs. (1.6) and
(1.7), results in anisotropic behaviours of Bc1 and Bc2 in directions parallel and
ab

⊥ab
). The critical ﬁeld anisotropy,
perpendicular to the ab-plane (Bc1(c2) and Bc1(c2)
ab

⊥ab
γ, can be determined as γBc1 = Bc1 /Bc1
for the lower critical ﬁeld and γBc2 =
ab

⊥ab
for the upper critical ﬁeld.
Bc2 /Bc2

The Bc1 and Bc2 values reported in the literature for MgB2 superconductor
vary depending on the preparation technique, which aﬀects the sample purity
⊥ab
and, hence, λ and ξ. For high purity single crystal Bc1
(5 K) = 120 mT and
ab

Bc1 (5 K) = 250 mT have been reported [43]. For polycrystalline MgB2 samples,
the Bc1 values reported in the literature at 0 K vary from 150 to 480 Oe [16; 44;
45; 46; 47; 48].
ab

Concerning Bc2 , clean single crystals have values of Bc2 (0 K) ≈ 18 T and
⊥ab
≈ 3.5 T [43; 49; 50; 51; 52; 53]. Clean polycrystalline MgB2 samples have
Bc2

rather low upper critical ﬁelds around 16 T (at 0 K) (see for example [54]). Higher
ab

Bc2 values of 29 T [55] and Bc2 ≈ 48 T [55; 56; 57] have been achieved in MgB2
bulk samples containing impurities and in MgB2 thin ﬁlms, respectively.
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Experimentally observed Bc1 and Bc2 values have been used for estimation of
the penetration depth (λ) and coherence length (ξ) using Eqs. (1.6) and (1.7),
respectively. The λ-values reported in the literature vary from 85 to 203 nm [16],
with an average value of λ ∼ 140 nm [51; 58]. For polycrystalline samples, ξ(0) was
estimated to be 5 nm [60; 61], while for single crystals, values of ξ ab (0) = 10 ± 2 nm
and ξ ⊥ab (0) = 5 ± 2 nm have been reported [43; 62].
In addition, the electronic mean free path () can be estimated from the experimental data on the resistivity and the average Fermi velocity, using the equation:

=

4.95 × 10−4 VF
(ωp )2 ρ0

(2.1)

where VF is the Fermi velocity, ωp is the plasma frequency, and ρ0 is the resistivity
at 0 K. The  value was estimated to be 60 nm for polycrystalline samples [60]
and 80 nm for single crystal samples [63].
The temperature dependence of the upper critical ﬁeld (Bc2 (T )) for an MgB2
sample is presented in Fig. 2.4(a). Unlike Bc2 (T ) behaviour for one-gap superconductors (such as Nb3 Sn and NbT), where Bc2 increases linearly with decreasing
temperature (dashed lines in Fig. 2.4(a)) [64], Bc2 (T ) for MgB2 has upward curvature near Tc and increases rapidly at low temperatures (see curve corresponding
to MgB2 (⊥ab) in Fig. 2.4(a)). The positive curvature of Bc2 (T ) near Tc is one of
the speciﬁc feature peculiar to two-gap superconductivity in MgB2 , according to
Refs. [44; 45; 49; 52; 60; 61; 65; 66; 67; 68; 69; 70; 71; 72; 73].
Gurevich [68] explained the anomalous behaviour of Bc2 (T ) in MgB2 by applying a dirty-limit two-gap superconductivity theory. He also assumed that the
π-band is much dirtier than the σ-band (“dirty π-band” scenario). According to
his model:
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Figure 2.4: a) Comparison of upp r critical field of low-Te (NbTi, Nb 3 Sn) and
MgB 2 supercondu tors. The Bc2(O K) value of low temperature super onductors can be estimated from linear extrapolation (shown as
a dashed line) of the equation B e2 = 0.69 Te x (dBe2 /dT) ITe obtained for dirty one-gap superconductors [64]. In contrast, Bc2(T)
behaviour for MgB 2 shows anomalous b haviow' ascribed to dirty
two-gap superconductors (adapted from Ref [68]) . b) Ti mpel'ature
dependence of IBel and I B c 2 for MgB2 single crystal [77}.
• at the temperatures near Te , the upper critical field can be described by

(2.2)
where Da and D7r are the electron diffusivities in the (I-and 7T'-bands, respectively.
The slope of B e2 (T) near Te is determined by the (I-scattering. Enhancement of
~-8Cattering is due to impurity scattering on B sites in the MgB 2 lattice [68].

~, at low temperatures, T

« Te , the upper critical field is described by
(2.3)

, 9 ==
In t ('1'
I

(r + r nO")V /27T'kBTeO (Teo = Te(g = 0)) is the interband scattering
and r
d
'
an an rna are the interband scattering rates. According to the
0"11"
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Gurevich model [68], the rapid increase in Bc2 at low temperatures mainly results
from π-scattering on Mg sites.
Hence, the impurities in the MgB2 give rise to enhanced intraband scattering,
which, in turn, signiﬁcantly increases Bc2 values over a wide range of temperatures.
However, calculations in Ref. [68] as well as in [74] assume that the material is
in the extreme dirty limit, with the electron mean free path, , signiﬁcantly shorter
than the superconducting coherence length, ξ (i.e.   ξ). However, as mentioned
above, these parameters are  ∼ 60 nm [60] and ξ ∼ 5 nm [61], i.e.   ξ (clean
limit superconductivity).
Recently Eisterer [30] has proposed another scenario explaining Bc2 (T ) behaviour in MgB2 . According to his conclusion, the upper critical ﬁeld in MgB2 is
determined by the σ-scattering. The remarkable increase in Bc2 (T ) at low temperatures is likely to be coming from the sample’s inhomogeneity (see also Refs.
[76; 75]). The contribution of π-scattering is small at high magnetic ﬁelds and low
temperatures, but becomes signiﬁcant at low ﬁelds and T ≈ Tc . An interaction
between the two bands results in the positive curvature of Bc2 (T ) near Tc [30].
As has been mentioned above, the lower and upper critical ﬁelds have anisotropy
due to the anisotropic crystal structure of MgB2 material. The temperature dependence of the lower and upper critical ﬁeld anisotropies for single crystal are
presented in Fig. 2.4(b) [77]. As can be seen, the anisotropy of the lower critical
ﬁeld, γBc1 , is about 1 at low temperature and increases with temperature (see also
Refs. [49; 52; 67; 78; 79; 80]). For the upper critical ﬁeld, γBc2 was reported to
be ∼ 5 - 6 at 0 K and decreases with increasing temperature down to ∼ 1 - 2
at T = Tc [49; 53; 67; 78; 81; 82]. The anisotropy of the upper critical ﬁeld in
MgB2 samples is much lower compared to some high-temperature superconductors
such as Bi-2223, having γBc2 ∼ 50 - 100 [83], but higher than γBc2 = 1 for the
low-temperature NbTi and Nb3 Sn superconductors [85]. However, any possible
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reduction in the anisotropy in MgB2 would be beneﬁcial for its practical application. This is especially crucial for polycrystalline material, where grains are
oriented at diﬀerent angles to the applied magnetic ﬁeld. This results in inhomogeneous properties of the superconductor and a reduction in its potential critical
current density, as will be demonstrated below.

The anomalous Bc2 (T ) performance in MgB2 is due to the two-gap superconductivity in this material. The upper critical ﬁeld of MgB2 can be signiﬁcantly enhanced
by impurity scattering. For practical application it is crucial to further increase
the upper critical ﬁeld and minimize the upper critical ﬁeld anisotropy.

2.3.3

Critical current and critical current density

Critical current, Ic , is another important property of superconducting materials.
This is determined by the condition when magnetic vortices start moving in the
superconductor, generating non-zero electrical resistivity. All else being equal,
critical current depends on the size of the superconductor. That is why in order
to characterize optimal conditions for diﬀerent superconductors, it is more useful
to employ the size independent critical current density characteristic, Jc . The
critical current density (Jc ) is the critical current (Ic ) per cross-sectional area of
the superconductor (A), i.e. Jc = Ic /A. Critical current density is a structuredependent characteristic, and the issue of Jc improvement is one of the main
tasks for people working on the development of superconductors for high current
applications.
The depairing current density, Jdp , which shows the theoretically achievable
critical current density in the superconductor, is given by (from Ref. [84]):
Φ0
Jdp = √
,
3 3λ2 ξμ0

(2.4)
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where μ0 = 4π×10−7 is a magnetic constant.
At 0 K and applied magnetic ﬁeld Ba > 1 T, the Jdp of MgB2 is about
1.3×1012 A/m2 , assuming values of λ = 80 nm and ξ = 12 nm [30], or 1012 A/m2
for λ = 140 nm and ξ = 5 nm [86]. The introduction of disorder increases the
value of the penetration depth (λ), resulting in decreased Jdp [30].
The highest critical current density value has been achieved in MgB2 thin ﬁlms
and is about 3-4×1011 A/m2 at low temperatures and self ﬁeld [87; 88; 89]. This
Jc value is about 10 % of the possible Jdp . For single crystals, Jc values at low
temperatures and self ﬁeld are ≤ 109 A/m2 [90; 91; 92; 93; 94] and decrease rapidly
with applied magnetic ﬁeld (down to 107 A/m2 at 1 T). Both self ﬁeld and in ﬁeld
Jc values of single crystals are low, due to weak pinning of magnetic vortices. For
many polycrystalline samples in the form of bulk, wires, and tapes the achievable
self ﬁeld Jc value is below 1010 A/m2 at 4.2 K (see Ref. [95]). In the latter case,
the microstructure is the main factor limiting critical current density.

2.3.4

Microstructural features aﬀecting critical current ﬂow
in polycrystalline MgB2 samples.

To begin with, MgB2 sample fabrication (bulk, wire or tape) by synthesis of initial
Mg and B powders (in-situ process, Sect. 2.5.1) or from commercially available
MgB2 powder (ex-situ process, Sect. 2.5.1) results in porosity formation. In the
case of the in-situ process, porosity arises from the diﬀerence between the theoretical density (ρ) of the host powders mixture (ρM g+2B = 2.0 g/cm3 ) and that
of the ﬁnal product (ρM gB2 = 2.63 g/cm3 ). Hence, the reaction Mg+2B = MgB2
results in a volume reduction of 24%. Higher levels of porosity (normally about
50% [96; 97; 98; 99; 100; 101; 102; 103; 104; 105; 106]) in polycrystalline samples
are due to low packing density and Mg evaporation during the heating process.
For the ex-situ process, the porosity is coming from a low powder packing density.
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To increase the density of ex-situ processed samples, a ﬁnal high temperature heat
treatment is necessary [107; 108; 109; 110; 111; 112; 113].
Second, unlike the high temperature superconductors [114; 115], MgB2 does
not show pronounced weak link behaviour, i.e. its grain boundaries are highly
transparent to current ﬂow [116]. This observation has been conﬁrmed by transport and magnetic measurements, and from magneto-optical studies [86; 116; 117;
118; 119; 120; 121]. However, there are other obstacles which hamper supercurrents and reduce connectivity between the grains in MgB2 samples. In addition to
the above mentioned porosity, there can be insulating phases at the grain boundaries, such as magnesium and boron oxides [122; 123; 124], and unreacted boron
[122; 125; 126] or impurity (normal conducting) phases in the case of doped MgB2
[98; 122; 123; 124; 125; 127; 128; 129; 130; 131; 132; 133; 134; 135; 136; 137; 138;
139; 140; 141; 142; 143; 144]. All of these are found in Transmission Electron
Microscope (TEM) analysis of diﬀerent MgB2 samples. In addition, cracks formed
in wire, tape, or even bulk samples can further reduce the eﬀective cross-sectional
area of a sample for current ﬂow [108; 109; 110; 127; 129; 145; 146; 147; 148; 149].
Hence, the connectivity of grain boundaries in MgB2 is aﬀected by unavoidable (in
many cases) microstructural features.
Rowell has introduced a way to quantify the reduction of the eﬀective crosssectional area of MgB2 superconductor [150; 151]. The concept behind his calculation relies on the fact that the resistivity of a sample is a very sensitive to intraand intergrain defects factor. Assuming that the eﬀective cross-section of sample
is reduced equally in the normal and superconducting states and the resistivity
is given more or less by the average eﬀective cross-section, Rowell proposed the
following equation for estimation of the connectivity (or eﬀective cross-section of
a superconducting sample), Aef f :
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(2.5)

where Δρ = ρ300K − ρ40K is the diﬀerence between the resistivity of the sample
in the normal state (ρ300K ) and the resistivity near the transition to the superconducting state (ρ40K ); Δρideal is the diﬀerence in the resistivities for a fully
connected MgB2 sample (for example, Δρideal = 4.3 μΩcm for single crystal [152]
and about 7 μΩcm for fully connected Chemical Vapor Deposition (CVD) made
polycrystalline MgB2 ﬁber [60]).
Third, in polycrystalline MgB2 samples, the superconducting grains are randomly oriented. Taking into account the rather pronounced anisotropy of the
upper critical ﬁeld (Sect. 2.3.2), this results in diﬀerent properties for grains oriented at diﬀerent angles to the applied magnetic ﬁeld. This causes “ﬁeld-induced
inhomogeneity”, which is unique to MgB2 and is responsible for the rather rapid
decrease in the critical current density with increasing magnetic ﬁeld [30]. To estimate the eﬀect of “ﬁeld-induced inhomogeneity” on critical current in the sample,
Eisterer et al. proposed the current percolation model described in Ref. [153].
The results of their calculations are summarized in Fig. 2.5. The critical current
densities of grains with boron planes oriented parallel (θ = 0) and perpendicular
(θ = 90) to the magnetic ﬁeld are presented in the upper panel of Fig. 2.5. The
large diﬀerence in Jc properties of untextured MgB2 grains can be seen. The experimental Jc curve (open squares) is in a good agreement with the approximation
formula from percolation theory in the higher ﬁeld region. The strong inﬂuence of
the upper critical ﬁeld and its anisotropy on the Jc (Ba ) behaviour following from
the percolation model [153] has also been demonstrated (lower panel of Fig. 2.5).
As can be seen, a reduction in the upper critical ﬁeld from 33.7 to 14 T dramatically
changes the Jc (Ba ) dependence without changes in the defect structure relevant
for pinning. This points out the dominating inﬂuence of the upper critical ﬁeld
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Figure 2.5: Jc(B) behaviour of polycrystals at low temperature. , is the upper
critical field anisotropy factor. The results of the approximation
employing the percolation model and experimental results are in a
good agreement at B > Bcd, and B slightly below B c2 /, (upper
panel). The effect of the upper critical field on Jc(B) behaviour is
shown in the lower panel. (Adapted from Ref. [30]).

on the field dependence of the critical current density in MgB 2 superconductor.
However, it is difficult to imagine an increase of the upper critical field without
an enhancement in pinning in the real samples. This is because any increase in

the Bc2 value unambiguously results in a reduction in

e (Eq. (1.7)).

Hence, more

defects in the microstructure will contribute to the pinning in the sample, giving

rise to a higher value of the pinning force.
Although some properties of the MgB 2 microstructure indeed are not favorable
r

current flow, the effect of microstructure on in field Jc(Ba) performance should

Ito ' be underestimated. This is because the microstructure provides numerous
'1 s.

which may act as pinning centers. Dense network of pins significantly
the pinning force and critical current density of superconductors in the

hi

field region.
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Pinning and microstructure in MgB2 . Dew-Hughes
model

As discussed in Chapter 1, vortex lines in the type-II superconductors have a
normal core diameter of 2ξ. Hence, microstructural features with a size of

2ξ will

be ideal pinning centers. For pure MgB2 superconductor the calculated coherence
length (at 0 K) is 5 nm [61]. Hence, microstructural features with sizes around
10 nm will be ideal pinning centers. It has been widely reported in the literature
that the main pinning centers in pure MgB2 are grain boundaries [96; 105; 140; 154;
155; 156; 157; 158]. In addition to this, small MgO and Mg(B,O)2 impurities inside
MgB2 superconducting grains also can serve as pinning sites [133; 135; 137]. Any
defects in the crystal lattice (stacking faults, dislocations, etc.) are also potential
and favorable (due to their extended nature) pinning centers for magnetic ﬂux lines
[102]. It should be remembered here that the coherence length is a temperature
dependent parameter (Eq. (1.5)), i.e. as the temperature decreases, the coherence
length becomes shorter. Hence, at lower temperature, smaller defects are involved
in pinning, while at higher temperature the main contribution to the pinning force
is coming from larger defects.
The total pinning force in the superconductor, Fp , is due to the collective work
of the elementary pinning forces, fp :
Fp =



fp

(2.6)

To characterize the dominant pinning mechanism in a superconductor, DewHughes [159] proposed the following general expression for the normalized pinning
force density:
Fp (b) = Fp /Fpmax ∝ bp (1 − b)q ,

(2.7)
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where the dimensionless parameters p and q depend on the speciﬁc characteristics
of ﬂux pinning in the superconductor, and b is the reduced magnetic ﬁeld (B/Bc2 or
B/Birr ). As a result, diﬀerent types of pinning centers are described by diﬀerent
values of p and q. These, in turn, yield diﬀerent values of bmax = p/(p + q)
(b = bmax , when the Fp (b)/Fpmax curve reaches a maximum). In this model, there
are six diﬀerent types of pinning describing the elementary pinning using the Eq.
(2.7) (from Ref. [159]):
1. p = 0, q = 2: normal core pinning, volume pins;
2. p = 1, q = 1: Δk-pinning, volume pins;
3. p = 1/2, q = 2: normal core pinning, surface pins;
4. p = 3/2, q = 1: Δk-pinning, surface pins;
5. p = 1, q = 2: normal core pinning, point pins;
6. p = 2, q = 1: Δk-pinning, point pins.
This model will be applied for the diﬀerent MgB2 samples studied in this work
to analyze the pinning type introduced by doping or processing conditions in each
sample. For this purpose pinning force will be calculated as

Fp (b) = Jc × Ba ,

(2.8)

where Jc is the critical current density and Ba is an applied magnetic ﬁeld. As observed Fp (b) curves will be ﬁtted by Eq.(2.7) in order to obtain ﬁtting parameters
p and q describing particular type of pinning.

In principle, the critical current density is not strongly aﬀected by weak links in
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MgB2 superconductor. However, there are some microstructural features which reduce the eﬀective cross-sectional area and obstruct the supercurrents. The in ﬁeld
critical current density of MgB2 is aﬀected by the pinning and the upper critical
ﬁeld (and its anisotropy).

2.3.6

Irreversibility ﬁeld

Another characteristic of the superconductor that is important for its application
is the irreversibility ﬁeld, Birr . The irreversibility ﬁeld can be explained by the
ﬂux creep phenomenon. It is the depinning ﬁeld at which the vortex pinning (or
the critical current density) becomes immeasurably small. Birr can be determined
experimentally from four-probe or DC magnetization methods and depends on the
critical current density criterion. The value of Birr , however, is very sensitive to
the sample size and background noise of equipment employed for its deﬁnition.
Birr values usually reﬂect the pinning properties of the superconductor. It
should be noted that the better the pinning, the smaller is the diﬀerence between
the upper and irreversibility ﬁelds. In pure MgB2 material (dirty limit, though),
the Birr values vary in the range of 12 - 17 T at the temperature of 4.2 K [160],
while a Bc2 of 29 T has been reached in dirty limit MgB2 bulk samples (Sect.
2.3.2). Such a large diﬀerence between the Birr and Bc2 values once again points
out the weak pinning in pristine MgB2 material. It is, however, expected that
increasing the upper critical ﬁeld will result in enlargement of the irreversibility
ﬁeld. The irreversibility ﬁeld is an important parameter which determines the
upper limit of the magnetic ﬁeld for practical applications. Hence, it is crucial to
reduce the diﬀerence between Bc2 and Birr values, while raising Birr in order to
increase the maximum ﬁeld generated by magnets based on MgB2 superconductor
[161].
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The irreversibility ﬁeld of pure MgB2 material (dirty limit) is rather low (12-17 T)
due to weak pinning in this material. The irreversibility ﬁeld value should be increased in order to eﬀectively employ MgB2 superconductor in magnets.

2.3.7

Overview of the superconducting properties of pure
MgB2

The information presented above can be summarized as that pure MgB2 :
• has a rather high critical temperature (39 K), which, however, depends on the
crystal lattice and processing parameters/techniques;
ab

• the upper critical ﬁeld of clean polycrystalline MgB2 (Bc2 values) is rather low
(16 T), however, by introducing impurity scattering (increasing the level of MgO,
for example), this can be signiﬁcantly increased (up to 29 T);
• pinning in the pristine material is weak and results in a rapid decrease in the
critical current density with applied magnetic ﬁeld;
• the irreversibility ﬁeld is rather low due to both weak pinning and a rather low
upper critical ﬁeld value.
To eﬀectively employ MgB2 superconductors in practice, all the above mentioned
properties (with the possible exception of Tc ) should be increased by any approaches known to be eﬀective for well-studied LTS and HTS superconductors
(irradiation, chemical doping, etc.).

2.4. Eﬀect of doping on the superconducting properties of MgB2
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Eﬀect of doping on the superconducting properties of MgB2

Chemical doping is known as one of the most eﬀective and relatively simple ways
to improve the superconducting properties of MgB2 superconductor. Chemical
doping of MgB2 shows positive eﬀects due to the relatively large coherence length
(ξ) and low structural anisotropy (γ) of MgB2 material (in contrast to high temperature superconductors with small ξ and large γ, where chemical doping has
not been successful). Doping elements or compounds into MgB2 leads to element
substitution and/or inclusion of impurity particles. In the case of element substitution, changes of electronic state, lattice parameters, and crystallinity are expected
to occur. For inclusion, impurity particles are expected to act as eﬀective pinning
sites if their grain size is about 2ξ and they are dispersed throughout the MgB2
matrix. Another expected eﬀect of doping is the suppression of the grain growth
of MgB2 [162].
The numerous early studies of doping eﬀects were focused on Tc measurements,
with the hope of ﬁnding a dopant which would further increase the transition
temperature of MgB2 by element substitution on Mg or B sites. However, no
such element has been found so far, which could increase the Tc value of MgB2
compound. Later research eﬀorts attempted to improve ﬂux pinning, in ﬁeld
critical current density, and the upper critical and irreversibility ﬁelds with the
help of a large variety of diﬀerent chemical dopants (some of which are summarized
in Sect. 2.4.1). However, only C and C-based compounds have been found to have
a highly positive eﬀect towards improvement of all superconducting properties
(Jc (Ba ), Bc2 and Birr ), with somewhat lower Tc value. Among all the nano C-based
compounds, a special niche has been occupied by nano SiC doping. This is because
for the period from 2002 to 2006, only this dopant had produced the best in ﬁeld
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Jc (Ba ) characteristic of MgB2 with only slight Tc reduction, by about 2 K [163].
Only recently it has been shown that doping with carbohydrates [164; 165] results
in comparable to SiC doping enhancement of superconducting properties. The
eﬀects of some C-based compounds and carbohydrates on the properties of MgB2
will also be brieﬂy described (Sect. 2.4.3).

2.4.1

Brief overview of some early doping materials

Due to the large number of dopants used in the early studies of MgB2 superconductor, it is not possible to describe all of them. Only some of the dopants which
had some positive or highly negative eﬀects on the properties of MgB2 material
are brieﬂy summarized below.
Some enhancement of the high ﬁeld Jc (Ba ) performance of MgB2 has been
observed for Y2 O3 [166], Si [167] and silicides (ZrSi2 , WSi2 , Mg2 Si) [168]. These
dopants do not incorporate into the MgB2 crystal lattice, but slightly improve
pinning due to impurity formation. The Y2 O3 doping resulted in the formation of
well dispersed YB4 inclusions, which were likely to have been responsible for the
improvement of Jc (Ba ) and Birr that was observed at low temperature (4.2 K),
while at higher temperatures (20 K) their eﬀect was less signiﬁcant (see Fig. 2.12(b)
in Sect. 2.4.2). Si and silicides result in a reaction with Mg; the products of this
reaction, as well as the added particles themselves, act as pinning centers.
An increase in the low ﬁeld Jc value was observed from doping with small
amounts of Li, Al, Si [106; 169; 170; 171; 172; 173; 174; 175], Zr [172; 176], and Ta
[177; 178]. It was shown that Al substitution for Mg causes serious degradation
in Tc , however, using a small amount (1 - 2.5 at%) minimizes this reduction and
results in higher Jc values [179]. Mg vapor treatment of CVD made TiB and TiB2
ﬁbers [173] has been used to produce Ti-doped MgB2 ﬁbers with a ﬁne dispersion
of Ti, but without any formation of TiB2 precipitates at the grain boundaries.
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The self ﬁeld Jc of this sample reached a value of 5×1010 A/m2 at 5 K. However,
Ti doping using the solid-state reaction route results in the formation of TiB2
inclusions, which improve in ﬁeld Jc behaviour at low temperatures (although
there is no eﬀect at higher temperatures, Fig. 2.12(b)). Doping with Ta results in
better grain connectivity (due to the tendency of Ta to absorb oxygen from the
MgB2 grain boundaries and matrix) and higher self ﬁeld Jc values [177; 178].
The eﬀect of several metal elements, including Fe, Mo, Cu, Ag, and Y was
studied in Ref. [180]. All showed degradation of Jc (Ba ) behaviour with smallest
values for samples with Cu and Y dopants. In our group we have studied the eﬀect
of Fe doping and found a very strong suppression of Jc (Ba ) [181]. This brought us
to the conclusion that the magnetic properties of Fe damaged superconductivity
in MgB2 . This is in contrast to a work [182] claiming that Fe2 O3 addition creates
eﬀective pinning centers in MgB2 grains and improves in ﬁeld Jc (Ba ). However,
our attempt to reproduce this result was not successful.
In 2002 a breakthrough in the process of chemical doping came with employment of C and C-based compounds. Among them, the most signiﬁcant enhancement of the superconducting properties of MgB2 material has been observed with
SiC doping. The changes in the crystal and electron structure caused by SiC
doping and their eﬀect on the superconducting properties of MgB2 material are
described in the following section.

2.4.2

Eﬀect of SiC doping (in comparison with C doping)

It has been widely recognized that doping MgB2 with C or C-based compounds
results in partial carbon substitution on boron sites in the MgB2 crystal lattice.
In addition, carbon, having one more electron than boron, donates its electrons
to the σ-band, resulting in a substantial change in the superconductivity in MgB2
material. Fortunately, this C-substitution results in signiﬁcant enhancement of
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the superconducting properties of MgB2 material, including Jc (Ba ), Bc2 (T ), and
Birr (T ). In this section, the inﬂuence of SiC doping on the superconducting properties of MgB2 (summarized from our earlier works) is mainly emphasized, although
some comparison with C-doping is necessary in order to demonstrate a dramatic
change in some characteristics.
Crystal structure. Critical temperature. Microstructure
The eﬀect of C-substitution on B sites starts with changes in the crystal structure
of the MgB2 compound. It was noticed in the early work of our group that in
the MgB2−x (SiC)x/2 composition with a higher level of SiC substitution (with x
ranging from 0 to 0.8), the a-lattice parameter systematically decreased, while
no systematic change was observed in the c-lattice parameter [102]. This eﬀect
is presented in Fig. 2.6 adapted from Ref. [102]. The variation of the a-lattice
parameter for a C-doped single crystal (from Ref. [183]) is also shown in Fig. 2.6
for comparison. One can notice the diﬀerence in the behaviour of single (C) and
double (SiC) element doping. The contraction of the a-lattice parameter due
to SiC doping is much more moderate, when compared to the strong inﬂuence
of doping with elemental C alone. In comparison, C substitution for B (in the
composition MgB2−x Cx ) results in reduction of the a-parameter from 3.085 to
3.070 Å at only x = 0.065, while similar values of a-contraction have been observed
in MgB2−x (SiC)x/2 with x = 0.65.
Based on neutron diﬀraction studies, Avdeev et al. [184] observed a correlation
between the changes in the lattice parameters and the amount of carbon substituted for boron. According to their ﬁndings, the level of C substitution, x in the
formula Mg(B1−x Cx )2 , can be estimated as x = 7.5Δ(c/a), where Δ(c/a) is the
change in c/a compared to a pure sample. Since the c-parameter is not aﬀected
by C substitution, the change in the a-lattice parameter is usually taken as a proof
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Figure 2 .6 : Lattice parameters a and c as a function of nominal SiC content x
{l02}. The a-parameters for C-doped samples are from Ref. {183}.

of C substitution into the MgB 2 crystal lattice.
Returning to Fig. 2.6, the level of carbon substitution on boron sites was estimated about 2.8 at% for MgB 2- x (SiC)x/2 compound with x

= 0.65

and about

2.4 at% for MgB 2 - x Cx with x = 0.065. It should, however, be noted that the level

of C substitution on B sites is sensitive to the level of doping and the sintering
temperature, as will be shown for SiC doping in Chapter 4.
As has been mentioned before (Sect. 2.3.1), any change in the crystal volume
and electronic structure (both applicable in the case of SiC doping) will affect the
critical temperature of MgB2 materiaL As a result, the critical temperature, Te , is
reduced as the SiC doping level increases. This is demonstrated in Fig. 2.7, where

Tc data on single C-doping are also shown for comparison.
(\. Wilke et aL [54] have studied the effects of C-doping on Mg(BI- x Cx h filaII II .
f

and found a consistent suppression of Te values with carbon substitution.

rdiug to their findings, the higher the level of actual C in the lattice, the

the degradation of Te that is observed in the sample. In case of SiC, the
'ral!'

decrease in Te with higher levels of SiC doping (compared to the solely

P d results presented in Fig. 2.7) again indicates the rather low level of carbon
I I ~ crystals I t . .
.
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Figure 2.7: Tc of SiC-doped and C-doped MgB2 samples [102]'

by 2.6 K), even in a heavily SiC-doped (up to 30% SiC substitution for B) MgB2
sample [163].
The temperature dependence of the self field resistivity (p(T)) or ac-susceptibility

(X(T)) is commonly employed for determination of the Tc value of a superconductor. Examples of the p(T) and the X(T) for a 10 wt% SiC-doped MgB2 sample
are presented in Fig. 2.8. As one can see, there is a special feature marking the
two-step transition in both the p(T) and the X(T) curves (shown by arrows in
Fig. 2.8). In addition, a large Tc transition width, /j.Tc, is usually observed in SiCdoped MgB 2 samples. These features are a sign of microstructure inhomogeneity
in SiC-doped samples.

Phase analysis with the help of X-ray diffraction shows that apart from MgB 2

and MgO phases (which are common in so-called pure MgB2 material), SiC-doped

~fgI32 samples contain a relatively large amount of Mg2Si impurity phase. More
II

f nnation on the microstructure of SiC-doped MgB 2 material has been observed

frr III micro- an d nanostructure mvestlgatlon
.
. . WIt
. h the he1p 0 f scannmg
. and transi n electron microscopy (SEM and TEM, respectively).
I It microstructure investigation has shown a general reduction in MgB 2 grain
IZ" ('n
d
Use by SiC doping. This is likely to be due to the fact that Mg 2Si particles
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SiC-doped MgB2 sample - R vs T vs H (PPMS)
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Figure 2.8: Examples of resistivity (ρ) and ac-susceptibility (χ) temperature
dependences for 10 wt% SiC doped MgB2 . The two-step transition
is indicated by arrow.
formed at lower temperature (about 600 ◦ C [186]) act as nucleation centers for
MgB2 grain formation. A accurate investigation of the microstructure with the
help of SEM and energy-dispersion spectra (EDS) [126] has revealed the existence
of rather large Mg2 Si particles (up to 15 μm) between the MgB2 grains. In addition, EDS spectra taken on single MgB2 grains showed peaks corresponding to
Mg, B, O, C, and Si [102]. This indicates the substitution of C into the MgB2
lattice and formation of Mg2 Si precipitates not only in between, but also within
superconducting MgB2 grains.
More precise nanostructure investigation has been done by several groups with
the help of TEM and Electron Energy-Loss Spectroscopy (EELS) [102; 104; 145;
185]. The TEM examination revealed the large number of impurity phases in
the form of nanometer-size inclusions inside and in between MgB2 grains in the
nano SiC-doped samples. These impurities include Mg2 Si, MgO (both consistent
with XRD data), as well as MgB4 , unreacted SiC, BOx , Six By Oz , and BC, which
were detected with EELS. The ﬁne structure of B, Si, and C in the EELS spectra
suggests that BOx , Six By Oz , and BC are amorphous phases. They are often seen
in the close vicinity of MgB2 grains in the SiC-doped samples [185].
A typical TEM image of the nanostructure of a SiC-doped MgB2 sample is
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TEM images (a) and (b) of a 10 wt% SiC-doped MgB2 sample
[104]. A large number of dislocations within the MgB 2 grains are
shown by arrows in (a). Impurities inside the MgB2 grains with size
<10 nm are shown by arrows in (b). c) High resolution TEM image
of nano-domains aligned along the [211]-direction [188].

presented in Fig. 2.9(a, b) from Ref. [104].

The large number of dislocations

within MgB 2 grains caused by lattice distortion, as well as Mg2Si inclusions with
sizes of 5 - 20 nm, can be clearly seen in Fig. 2.9(a) and 2.10(b), respectively. In
addition, C substitution for B in the MgB 2 lattice generates nano-domains at the
Bcale of 2 - 3 nm (Fig. 2.9(c)), as reported in Ref. [188].
Observations showed that micro- and nanostructure significantly affect the upper critical field, critical current density, and irreversibility field of SiC-doped
MgB2 material, as will be shown below. However, to enable further comparison of
r p rties between C and SiC-doped samples, changes in the microstructure with
doping should also be mentioned here. Similar to SiC, doping with C introduces

lnrg , number of dislocations caused by lattice distortion, as well as a number of
n II

scale inclusions, such as unreacted C, BC, Mg2C3 ) MgB 2C 2, etc., which may

~ unci within and between MgB2 grains [189; 190].
lUll urity scattering mechanism and the upper critical field

number of impurities in the C and SiC-doped samples discussed in the
p
lOll

section results in reduction of the electron mean free path, f. According
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to the model of two-band impurity scattering of charge carriers in MgB 2 proposed
by Gurevich [68], the shortening of £ by non-magnetic impurities affects the intraband scattering. For dirty-limit superconductors, the coherence length,
reduced according to the Eq. (1.3). Since ~ and

Bc2

~,

will be

are inversely proportional (Eq.

(1.7) ), decrease of the coherence length results in increasing the upper critical field
value.
1>-0.038

(a)

(b)

40
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"'l.
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---B c2
-T-Birr

50

Figure 2.10:

Temperature dependences of: the upper critical field for
Mg(B1-xCxh (a) {54]; and the upper critical and irreversibility
fields for 10 wt% SiC-doped MgB2 sample (b) (adapted from
Ref (191}).

Hence, as a result of enhanced impurity scattering, doping with C and SiC will
also result in significant enhancement of the upper critical field. Results observed

,on polycrystalline C-doped MgB 2 filaments and SiC-doped MgB 2 bulk material are
~

1)1'

s n d in Fig. 2.10(a) [54] and Fig. 2.10(b) [191]' respectively. For C-doped

\/!I,B 2 filaments a clear correlation between the actual C level and

Bc2

values at

I w temperatures can be seen: a higher amount of C (x in the Mg(B 1- x C x )2

und) results in more pronounced B c2 (T

1111

"'lth

$

---+

0) enhancement. For the sample

= 0.038, B c2 (0 K) reached a value of 32.5 T [54]. For the 10 wt% SiC-

rI P' 'I MgB2 bulk sample prepared in our group, B c2 (0 K) is about 36 T [191]
1.
I .

2.10(b)). As was emphasized above, the level of C substitution in the SiC
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re Iatively low, compared to C-doping alone. For instance, in the
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sample for which the results are presented in Fig. 2.1O(b), the actual level of C
substitution, x, is about 0.025, i.e. it is lower than for C-doped MgB2 filament
(Fig. 2.1O(a)). However, B c2 (0 K) of SiC-doped sample is higher than for a Cdoped sample. Possible reasons for this are explained below.
According to the model proposed by Gurevich [68], nano SiC doping could lead
to two different scattering channels in MgB 2. First, partial C substitution for B
or the formation of BC, BOx, and SixByOz compounds in the close vicinity of B
sites causes disorder on the B sites [185], which results in an increase of in-plane
a-scattering. This scattering will lead to an increase in dB c2 / dT at temperatures
near Tc (Eq. (2.2)). Second, the formation ofnano-domain structures in SiC-doped
samples is due to the variation of Mg-B spacing, which, in turn, causes disorder at
both Band Mg sites. In addition, formation of Mg2Si impurities may result in an
increased level of vacancies on Mg-sites [158]. Moreover, recent results reported on
carbon nanotube (CNT) doped samples suggests that C doping results in increased
interband scattering (higher values of the 9 function in Eq. (2.3)) and affects the
7r-band [187]. All these defects could result in enhanced in-plane 7r-scattering and
contribute to the increase of

Bc2

at low temperatures in SiC-doped sample.
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and SiC-doped MgB 2 samples [160].
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However, according to the scenario proposed by Eisterer in Ref. [30], π-scattering
is eﬀective at temperatures near Tc , and Bc2 (T ) behaviour is determined by σscattering alone for a wide range of temperatures. Moreover, the rapid increase in
Bc2 (T → 0) may be explained by the high inhomogeneity of SiC-doped samples
(Sect. 2.3.2).
Among the Bc2 values reported in the literature, the comprehensive study of
Sumption et al. on SiC-doped MgB2 strands yields the value of Bc2 > 33 T at 4.2 K
[192]. In the recent report by Matsumoto et al. [160], a Bc2 (0 K) value exceeding
40 T has been reported for SiC-doped MgB2 bulk sintered at 600 ◦ C (Fig. 2.11
[160]). Fig. 2.11 shows Birr and Bc2 values corresponding to the 10% and 90%
points for the narrowest (900 ◦ C sintering - pure) and the broadest (600 ◦ C sintering
- 10% SiC) resistivity vs. temperature transitions of their sample set. As can be
seen from Fig. 2.11 and is emphasized by the authors of Ref. [160], this high value
of Bc2 was reached in a sample (600 ◦ C sintering - 10% SiC) with a broad transition
in the resistivity vs. temperature curve, reﬂecting the large inhomogeneity of this
particular sample. This again supports the idea that the inhomogeneity in SiCdoped MgB2 samples may be responsible for the improvement in the upper critical
ﬁeld as T → 0 K.
In ﬁeld Jc (Ba ) performance. Irreversibility ﬁeld. Pinning
Our group was the ﬁrst to ﬁnd that chemical doping of MgB2 with nano particle
SiC can signiﬁcantly enhance Jc in high ﬁelds, with only a slight reduction in Tc
[102]. In fact the highest Jc values in magnetic ﬁelds at the temperatures up to
30 K ever reported for MgB2 have been observed in such samples [163]. Compared
to the undoped reference sample, the Jc for a 10 wt% SiC-doped sample increased
by a factor of 32 at 5 K and 8 T, 42 at 20 K and 5 T, and 14 at 30 K and 2 T
(Fig. 2.12(a) [163]). In fact, the SiC appeared to be the ﬁrst dopant, among those
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presented in Sect. 2.4.1 and others, which improved Jc(Ba) performance not only
at low, but also at high temperatures. This is demonstrated in Fig. 2.12(b), where
the properties of MgB 2 bulk and wires with SiC and some other dopants from
Sect. 2.4.1 have been compared.
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Ref. f195}).

The exceptional properties of SiC as one of the most effective dopants have
h n confirmed by leading groups all around the world, which include the Los

\l

In S
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National Laboratory (USA), the National Institute for Materials Science,

(Japan), the University of Tokyo (Japan), Ohio State University (USA),

IIvrer Tech Research Center (USA), and the University of Geneva (Switzerland) .
'}II . r · L1 s reported by different groups are summarized in Fig. 2.13.
can be seen from Fig. 2.13, the irreversibility field,

Birr,

at which J c values

r lOG A/m2 has been obtained, increased significantly for the SiC-doped samples.
1.:.. 1 the values of Birr estimated from Fig. 2.13 range from 14 T to about

1;)

i

:. or pure (open symbols) and from 19 T to almost 23.5 T for SiC-doped
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Figure 2.13: The Jc (Ba ) performance of SiC-doped samples reported by diﬀerent
groups. Dotted lines are for approximation of the Birr ranges in
pure (black) and SiC-doped (red) MgB2 samples.
MgB2 wires (closed symbols). The improvement of Birr could be due to both
increases in the Bc2 value or improved pinning in the sample (Sect. 2.3.4).
In earlier works on SiC doping, the improvement of the Birr and in ﬁeld Jc (Ba )
performance has been attributed to the improved pinning, as well as to enhanced
Bc2 . Indeed, there have been observation in the microstructure of SiC-doped MgB2
samples of highly dispersed nano scale impurities, such as Mg2 Si, BC, BOx , and
SiBOx , which are all at the scale of and below 10 nm, as well as crystal lattice
defects (nano-domains, dislocations, stacking faults, etc.) with sizes of 2 - 3 nm,
which match the coherence length very well. Hence, all of them can act as strong
pinning centers, providing very eﬀective collective pinning at all temperatures up
to Tc .
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However, results of some recent studies raise the question of whether enhanced
in ﬁeld Jc (Ba ) performance is due to improved upper critical ﬁeld, or improved pinning, or both of them? For example, Keshavarzi et al. [196] studied the pinning
mechanism using the Dew-Hughes model. The authors reported that the pinning force of SiC-doped samples improved in higher ﬁelds compared to a pristine
MgB2 sample. However, the pinning behavior was similar in both samples and has
been attributed to the normal surface pinning (i.e. grain boundaries and planar
dislocations). Pinning mechanism on nano scale impurities was not conﬁrmed.
Senatore et al. [197] studied the magnetic relaxation properties of pure and
10 wt% SiC-doped samples. According to their results, there are no sizeable eﬀects
on the pinning properties of MgB2 which could be attributed to the presence of
impurities. However, the eﬀect of doping is mainly in introducing disorder into
the superconductor and thus raising Bc2 . A similar concern has been raised by
other authors (see for example Refs. [30; 157; 158; 198; 199]). For instance,
according to the percolation model proposed by Eisterer et al. [153], the Jc (Ba )
performance is mainly determined by the upper critical ﬁeld and its anisotropy
(Fig. 2.5), while it is much less sensitive to the pinning mechanisms. It has been
calculated that increasing Bc2 up to 74 T and reducing γBc2 down to 1.85 will
result in an increase of the in ﬁeld Jc performance up to 4×109 A/m2 at 15 T and
4.2 K, and 2×108 A/m2 at 40 T and 4.2 K [30]. For comparison, a much lower Jc
value of 3×107 A/m2 at 15 T and 4.2 K has been reached for the best SiC-doped
sample so far [200].
However, it is diﬃcult to separate the eﬀects of enhanced pinning and higher
upper critical ﬁeld on Jc (Ba ) performance and Birr value. It is because pinning
centers (crystal lattice defects, impurities, grain boundaries, etc.) lead to increased
electron scattering, which in turn rise Bc2 value of superconductor.
To conclude, until now there is no certain answer as to what mechanism is
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responsible for the signiﬁcant improvement of the in ﬁeld Jc (Ba ) and Birr performance of SiC-doped samples. More results and experiments are necessary to
ﬁnd a perfect correlation between the existing theories and experimental results
to reveal the nature of the observed behaviour of SiC-doped MgB2 samples.

2.4.3

Other C-sources

Since elemental C signiﬁcantly enhances the superconducting properties of MgB2 ,
a broad range of C in diﬀerent forms or C-based compounds have been explored
as dopants. Carbon has been introduced into the MgB2 system as elemental nano
C in the form of diamond [201; 202], nanohorns [203], and nanotubes (CNT)
[202; 204; 205; 187]; in carbide compounds such as B4 C [157; 206; 207], TiC, ZrC,
NbC, WC, etc. [157], as well as hydrocarbons [208] and carbohydrates [164; 165]
(which have been rather recently revealed as eﬀective dopants). The reactivity
of the initial C-based material and the processing temperature are usually the
main parameters determining the eﬀect of these elements on the Jc , Birr , and Bc2
characteristics. Commonly, C-based dopants require high processing temperatures
for maximal improvement in the superconducting properties of MgB2 material,
which increases the level of C substitution, but leads to grain growth and worse
pinning on grain boundaries. The eﬀect of some C-based dopants (diﬀerent from
those of nano C) is outlined below.
Our group has systematically studied the eﬀects of carbon nanotubes (CNT) on
the properties of MgB2 material [204; 205]. Compared to other nano C dopants,
CNTs have extended geometry with lengths much larger than their diameters.
If CNT inclusions with diameters close to the MgB2 coherence length do not
completely dissolve in the MgB2 matrix, they can form columnar defects and be
good candidates for vortex pinning. The best Jc (Ba ) has been observed for single
wall CNT doped MgB2 wire processed at 900 ◦ C. At 4.2 K Jc values of 108 and
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3×107 A/m2 were reached at 10 and 12 T, respectively [204]. In addition, a high
Bc2 value of about 40 T at T → 0 has been reported by Serquis et al. [187]
in 10 at% double-wall CNT-doped MgB2 samples. Dou et al. [209] employed
advanced magnetic ﬁeld processing, which led to the straightening of CNTs and
improved the adherence between the CNTs and the MgB2 matrix. As a result,
Birr reached the value of 9 T at 20 K, which is comparable to the best value for
SiC-doped MgB2 at this temperature.
Among the various compounds, boron reach B4 C seems to be the most appealing dopant for fabrication of MgB2−x Cx superconductor. Firstly, it does not
introduce other elements into the MgB2−x Cx system (like Si in the case of SiC),
which itself or their sub-products (Mg2 Si, for instance) may result in worse grain
connectivity. Secondly, the sintering temperature for formation of MgB2−x Cx can
be reduced from 900 - 950 ◦ C down to 800 - 850 ◦ C, which yield reasonably high in
ﬁeld Jc performance [98; 206; 207]. For instance, a Jc value of 108 A/m2 at 4.2 K
and 9 T has been achieved for 10 wt% B4 C-doped MgB2 wire processed at 800 ◦ C
[206].
Hydrocarbons (Cx Hy ) and carbohydrates (Cx (HO)y ) are relatively new dopants.
Their attractiveness is in a homogeneous distribution of the dopant compared to
any other nano doping process employed. In addition, they decompose at temperatures below that of MgB2 formation, resulting in the release of fresh and highly
reactive atomic scale carbon. The eﬀect of sugar [164], malic acid [165], and polycarbosilane [210] has been studied in our group. It is worth noting here that the
in ﬁeld Jc (Ba ) performance of MgB2 samples with sugar and malic acid dopants is
as good as for nano SiC doping. Moreover, there is no degradation of low ﬁeld Jc
values up to certain levels of doping (2.5 at% of sugar and 30 wt% of malic acid)
with these elements.
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To conclude, the enhancement of the superconducting properties of MgB2 material with the help of relatively cheap and easy chemical doping has increased the
potential of this material for practical application. Among the dopants studied, the
most eﬀective are C and C-based compounds, which signiﬁcantly enhance the high
ﬁeld Jc (Ba ) performance, irreversibility, and upper critical ﬁelds of MgB2 . Only 6
years after the discovery of the superconductivity of MgB2 , MgB2 superconductors
(applicable for operation at 20 K) are already on the market and are in use for
large scale applications (such as Magnetic Resonance Imaging (MRI) systems), as
will be shown in the following sections.

2.5

Technological aspects of the fabrication of
MgB2 superconductors

The fabrication of MgB2 superconductor is relatively easy when compared to the
production routes of low and high temperature superconductors. Thanks to the low
cost of the initial materials and the absence of weak links between grain boundaries
(Sect. 2.3.4), ceramic MgB2 superconductor can be easily prepared in the form
of bulk, wires, and tapes. Shortly after the discovery, the ﬁrst MgB2 wire was
produced by diﬀusion of Mg vapor into boron [60]. This wire had a quite high
Jc value, above 109 A/m2 at 5 K and self ﬁeld. After that, numerous reports
appeared on the fabrication and improved properties of MgB2 wires and tapes,
making them more and more attractive for practical application.
In this section, the most important technological aspects of the preparation of
MgB2 superconductors are outlined.
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“Ex-situ” and “in-situ” techniques

There are two techniques to fabricate MgB2 superconductor, which are called “exsitu” and “in-situ”. In the ex-situ method, commercial (reacted) MgB2 precursor
powder is employed for formation of MgB2 superconductor. In the in-situ process
a mixture of Mg and B powders is used to synthesize MgB2 superconducting compound at the end of formation of the desired sample geometry (bulk, wire or tape).
Each method has its advantages and disadvantages, which are described below.
However, the resulting properties of the ﬁnal superconductor greatly depend on
the size and purity of the initial materials in both processes.
Ex-situ process. Commercially available MgB2 powder has a broad particle
distribution from the submicron size to > 100 microns, including agglomerates
[211]. The main MgO phase can be found as a covering layer on the grains and
agglomerates, and it originates from a reaction of MgB2 with moisture in the
atmosphere. Planetary ball milling of the precursor powder helps to crush agglomerates, distribute MgO inclusions more homogeneously, and reduce the mean
particle size so as to improve the Jc (Ba ) and Bc2 performance [211; 212]. The
main advantage of ex-situ processed materials is their density, which is higher
than for in-situ materials [45; 96; 213; 214] and can be further increased by hot
isostatic pressing (HIP) [65; 117; 137; 148; 215]. The main disadvantage of ex-situ
prepared samples is poor grain connectivity, which results in smaller critical currents [107; 108; 109; 110; 111; 214] when compared to samples prepared in-situ.
To improve grain connectivity, the annealing of samples at high temperatures is
necessary. This, in turn, leads to MgB2 recrystallization [127], which improves the
crystallinity, but results in low Bc2 values.
In-situ process. The grain size and connectivity of in-situ fabricated MgB2
samples greatly depend on the size and purity of the precursor powders [99; 123;
128; 129; 130; 216; 217]. Hence, particles of starting powder should be as small
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and pure as possible. The main impurity in in-situ formed MgB2 materials is again
MgO, which is unavoidably introduced with the initial Mg and B powders (since
the surface of Mg powder is easily oxidized in air and B powder always contains
a small amount of B2 O3 impurity; both sources lead to formation of MgO at a
temperature of about 450 ◦ C [218; 219]). To reduce the amount of MgO, the Mg
powder can be replaced by MgH2 . This approach results in higher Jc (Ba ) values
(compared to samples prepared from Mg and B powders) as a result of better
connectivity [145; 146; 220; 221; 222]. In a similar way to the ex-situ process,
reduction of MgB2 grain size is also useful for the introduction of more pinning
sites (grain boundaries), and hence, higher Jc (Ba ) and Bc2 values of the ﬁnal in-situ
processed MgB2 samples. For this purpose, a low sintering temperature (resulting
in poor crystallinity and small grains) or ball milling (mechanical alloying) of
the precursor powders can be used [100; 125; 127; 129; 139; 223; 224]. Another
advantage of the in-situ process is the easy introduction of dopants and changes
in stoichiometry, if desirable. For example, it has been demonstrated that Mg
deﬁciency induces strain and reduces Tc (Sect. 2.3.1), as well as increasing the
upper critical ﬁeld [130; 136; 139; 141; 142]. An excess of Mg can compensate
for the loss of magnesium during high temperature synthesis, which is likely to be
responsible for the observed enhancement of self ﬁeld Jc value [225] (see also Sect.
2.5.3). One of the disadvantages of in-situ fabricated MgB2 is low density, which
results in dissipation of current ﬂowing through the sample. However this can be
overcome with hot isostatic pressing (HIP) [65; 117; 137; 148; 215; 226] and high
pressure synthesis [175; 178; 227].
Apart from the ex-situ and in-situ processes, there are some reports where
both of them are used simultaneously, i.e. samples are formed from mixtures of
Mg + 2B and MgB2 powders [96; 228]. This combination helps to improve the
density of ﬁnal samples.
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Methods in use for the fabrication of MgB2 wires and
tapes. Sheath materials

For practical application, long length composite conductors in the form of wires
and tapes are required. There are two main techniques which are widely used
for the fabrication of MgB2 superconductors. These techniques are powder-in-tube
(PIT) (will be described in details in Sect. 3.1.2)) and continuous tube forming
and ﬁlling (CTFF).
The conventional powder-in-tube (PIT) technique has become one of the main
methods for the preparation of wires and tapes. This is due to its relatively low
cost, the high quality of ﬁnal product, and its suitability for large scale industrial application. PIT is the only technique which can be successfully applied for
fabrication of both mono- and multiﬁlament conﬁgurations [195].
The principle of the continuous tube forming and ﬁlling (CTFF) technique is
as follows. A continuous metal strip is used as the sheath material. The strip is
moved through tube shaping dies, which gradually form it into a U-shape. At a
particular point, powder is inserted in the middle of this U-shaped strip. After
that, the tube is closed oﬀ as it gradually passes through closing dies. After the
tube is closed, it passes through subsequent dies, which reduce the diameter of
wire to the desired diameter. Numerous long length commercially available wires
(single pieces of up to 5 km) have been produced using this technique [229].
The choice of the proper material as a sheath for the fabrication of MgB2 wires
and tapes is crucial. First of all, it should be chemically compatible with MgB2
in order to prevent degradation of its superconducting characteristics. Secondly,
since MgB2 is mechanically hard and brittle [195], the sheath material should
have adequate hardness, but also should be ductile enough to assure mechanical
deformation. Third, the metal sheath should have good heat conductivity to ensure
thermal stabilization of the superconductor.
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Several metals, such as Fe, Cu, Ag, Ni, Nb, and Ti, and alloys, such as stainless
steel (SS), Cu-Ni, and Monel have been tried as sheath materials for MgB2 . Iron
has been found to be the most chemically compatible with MgB2 and has been used
for the fabrication of Fe/MgB2 wires and tapes by many groups (see for example
Refs. [113; 155; 195; 228; 230; 231; 232; 233; 234]). However, it is less suitable
for fabrication of multiﬁlament wires and tapes, due to its high hardness, and, in
addition, it does not provide good thermal stabilization for the superconductor
[235].
To insure good thermal stabilization, such materials as Cu (see for example
Refs. [113; 232; 236; 237; 238; 239; 240; 241; 242]), Ag [238; 239; 241], and Al
[235; 243; 252; 253] have been employed. However, without an appropriate barrier
(Nb, Ti or Fe) between the sheath material and the MgB2 superconducting core,
these materials react with Mg and result in degradation of the superconducting
properties. For fabrication multiﬁlament wires, Cu and its alloys (Cu-Ni and
Monel) are usually used as sheath materials [95; 212; 229].

2.5.3

Recent advances in the fabrication of MgB2 superconductors

For the last few years, the main challenge for MgB2 superconductor developers
has been the improvement of the low and high ﬁeld Jc performance of pure and
doped MgB2 samples. Active research has been undertaken on both in-situ and
ex-situ fabrication techniques.
Self ﬁeld Jc value. Diﬀerent methods, such as the above mentioned HIP and
high pressure synthesis, as well as liquid Mg inﬁltration into B [244; 245], diﬀusion
[105], premix diﬀusion [246], and resistive sintering [226; 247] have been employed
with the aim of porosity reduction and increase of self ﬁeld Jc values in MgB2
material. With the help of these approaches, the density of the ﬁnal MgB2 sample
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has been increased up to 80 - 100% of the theoretical density. Among all the above
mentioned techniques, the highest self ﬁeld critical current density of 1010 A/m2
at 20 K has been reported for a MgB2 sample prepared by premix diﬀusion [246].
These techniques, however, are mainly applicable to the fabrication of bulk samples
or short wire samples (as for HIP).
An improvement in the low ﬁeld region has also been found for samples with
an excess of Mg [225]. A self ﬁeld Jc value of 7×109 A/m2 has been reported
for a sample with 10 wt% excess of Mg, which is three times larger than the
Jc (0 T) value for a MgB2 sample with normal stoichiometry. In addition, higher
in ﬁeld performance (nearly double the Jc (Ba ) of the MgB2 sample with normal
stoichiometry) has also been observed in Fe-sheathed MgB2 wire with excess of
Mg [199; 225]. The advantage of this method lies in its simplicity and applicability
for samples in the form of wires and tapes.
High ﬁeld Jc (Ba ) performance. To improve high ﬁeld Jc (Ba ) performance, the
ball milling technique combined with nano C (or C-inclusive) doping is found to
be the most promising. Values of Jc = 108 A/m2 at 14 T, 4.2 K (for C-doped)
[248] and Jc = 1.15×108 A/m2 at 14 T, 4.2 K (for C4 H2 O3 doped) [249] have been
recently reported for Fe-sheathed MgB2−x Cx wires. Another record-high in ﬁeld Jc
value (Jc ≈ 2×108 A/m2 at 14 T, 4.2 K) has been achieved in isostatically-pressed
coaxial in-situ and ex-situ Cu-sheathed MgB2−x Cx wire with SiC doping [250].
Moreover, the authors claimed that this method can be scaled to long length wire
preparation. These critical current density values are the highest in ﬁeld values
for MgB2 superconductor that have been reached so far.
Process of chemical doping. Signiﬁcant progress in the chemical doping process
has been recently made with the development of a liquid mixing technique. This
results in more eﬃcient C doping of MgB2 material. It was ﬁrst demonstrated with
sugar doping [164] and applied to other carbohydrates later on (see Chapter 6).
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Ex-situ and in-situ multiﬁlament wires. To improve the performance of ex-situ
MgB2 material, a handy method has been proposed by Nakane et al. [251]. The authors ﬁrst synthesized “home made” MgB2 compound using the in-situ technique,
followed by milling, and secondly, re-used this “home made” MgB2 powder for the
formation of ex-situ MgB2 samples. Braccini et al. [212] employed this technique
for the fabrication of C and SiC-doped multiﬁlament ex-situ MgB2 tapes and wires.
To reduce the particle size of the “home-made” ex-situ (doped and pure) MgB2 ,
high energy ball milling of the precursor powder was employed. The resultant long
length (1.75 km one piece) multiﬁlament wires have critical current densities up to
109 A/m2 at 1.2 T, 20 K [212]. For comparison, multiﬁlament long-length (up to
5 km) in-situ MgB2 wires produced by the CTFF method and currently available
on the market have the technical characteristics of Jc = 109 A/m2 at 5 T, 4.2 K and
2×109 A/m2 at 1 T, 20 K [229]. Both in-situ and ex-situ multiﬁlament wires with
the characteristics demonstrated above are used in solenoid and racetrack coils,
and are proposed for large-scale application devices, such as magnetic resonance
imaging systems (MRI) and fault current limiters (FCL) [95; 212; 229].

The scope of thesis
Based on the literature review, three main directions for this research have been
targeted. They are outlined below.
1. The highly positive eﬀect of SiC doping on the superconducting properties of
MgB2 material has been discussed in Sect. 2.4.2 of the literature review. In spite
of numerous results observed by many groups which studied this dopant, one simple question “what makes SiC doping so unique among other dopants (including
C-based)?” remained puzzling. It took several years, during which an enormous
amount of work was conducted by the whole of our group on diﬀerent dopants and
analysis of results from other groups, to ﬁnd the answer to this question. As a part
of this work, a systematic study of SiC-doped MgB2 samples (wires and bulk) has
been conducted. The eﬀect of the doping level, as well as the processing parameters (sintering temperature and cooling time), on the microstructure of SiC-doped
MgB2 has been investigated. The inﬂuence of the obtained microstructure on the
critical current density performance was carefully analyzed. The mechanism which
lies behind the superior improvement of MgB2 superconducting properties due to
SiC doping has been established. This mechanism is presented with reference to
a comparative study of SiC- and C-doped MgB2 material in Chapter 5.
2. As was demonstrated in Sect. 2.4 of the literature survey, the properties of pure
MgB2 material can be signiﬁcantly improved by cheap and relatively easy chemical
doping. For a long time (up to the end of 2006), the dopants employed were in the
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form of nano powders (materials). Commonly, mixing of nano-powders by hand,
with the help of ball milling or ultrasound, never resulted in a highly homogeneous
distribution of the dopant among the starting Mg and B powders. In addition,
the size of dopants was always given as a range, including very small (relatively
eﬀective) or large particles, which do not fully dissolve in the MgB2 matrix. The
importance of the formation of clean grain boundaries without impurity phases
or, at least, non-reacted dopants in the MgB2 system has been addressed in Sect.
2.3.4. That is why it was desirable to modify the process of chemical doping in
order to achieve homogeneous MgB2 material and increase the eﬀectiveness of the
dopant. During this work, an eﬀective approach to overcome these problems with
inhomogeneous mixing and the introduction of the eﬀective dopants has been proposed. This approach is called the liquid mixing technique, and the unique features
which it oﬀers have been explained in Chapter 6 of this work. In addition, several
dopants, such as sugar (carbohydrate) and polycarbosilane, have demonstrated the
beneﬁts of this new technique. The results obtained are systematically analyzed
in Chapters 7 and 8.
3. Although the critical current density of MgB2 material in the high ﬁeld region
has been successfully improved with C-inclusive doping, one of the main challenges
for this material today is to improve the low ﬁeld Jc . Although the grain boundaries
of MgB2 material are transparent to current ﬂow, the inﬂuence of microstructure
on current ﬂow remains predominant (Sect. 2.3.4). The question arises as to
what extent microstructural features aﬀect the self ﬁeld critical current density
value of MgB2 and MgB2−x Cx materials. In Chapter 9 of this thesis, an eﬀort
has been made to evaluate the eﬀects of each microstructural imperfection on
current limitation. The knowledge of the main parameters that suppress low ﬁeld
Jc would help us to concentrate on their elimination, in order to achieve improved
superconducting properties in MgB2 material.

Chapter 3
Experimental techniques
3.1

MgB2 samples preparation

Two types of MgB2 samples have been studied in this work: in the form of bulk
and Fe-sheathed wire.

3.1.1

Bulk samples

Polycrystalline samples of bulk MgB2 were prepared using an in-situ reaction
process. High purity (99%) powders of magnesium (325 mesh) and amorphous
boron (325 mesh) were used as starting materials. The precursor powders were
weighed out according to the nominal atomic ratio and well mixed through grinding, using an agate mortar and pestle. The powders were pressed into stainless
steel (SS) tubes using a uniaxial hydraulic press and sealed with Fe plugs on both
sides. Samples were synthesized using diﬀerent sintering proﬁles: temperatures
ranged between 600 and 1000 ◦ C; sintering time varied from 30 to 60 min; the
heating time was chosen to be 5 or 10 ◦ C/min; and the cooling time (rate) was
varied from 0 (quench) to 25 h. The heat treatment procedure was conducted in
ﬂowing high purity Ar gas under ambient pressure using a tube furnace. After
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sintering, the SS shell was mechanically removed and MgB2 bar pellets with a
diameter of 6 mm and a thickness of 3 mm were obtained.

3.1.2

Wire samples

Fe-sheathed MgB2 wires were prepared using in-situ reaction and the standard
powder-in-tube (PIT) method. The PIT procedure consists of three steps outlined
below.
Step 1. Composite bar preparation. Powders of magnesium and amorphous
boron (both 99% purity and 325 mesh) with the stoichiometry of MgB2 were well
mixed using an agate mortar and pestle. Then the mixed powder was ﬁlled into a
clean Fe tube having an outside diameter of 10 mm and a wall thickness of 1.5 mm.
One end of the tube was sealed with a piece of Al foil.
Step 2. Mechanical deformation. The composite rod was drawn to a ﬁnal
diameter of 1.42 or 1.00 mm. Drawing was carried out by passing the composite
bar through the conical hole of successive round dies at a speed of a few cm/s.
The cross sectional reduction was about 17 % at each deformation steps.
Step 3. Heat treatment procedure. The sintering of wires (short pieces) was
carried out in a tube furnace in Ar atmosphere and allowed the formation of superconducting MgB2 phase. Diﬀerent sintering proﬁles (similar to those described
for bulk samples) were employed and will be explained for each experiment separately.

3.2

Phase and structure characterization of samples

Since the properties of MgB2 superconductor are structure sensitive, the synthesized pure and doped MgB2 samples were characterized with several techniques
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in order to investigate phases, and micro- and nanostructure which were formed
during the sintering.

3.2.1

X-ray diﬀraction

The X-ray diﬀraction technique was employed to examine the microstructure
(grain size), crystallinity, and phase formation. The XRD patterns were used
for the calculation of lattice parameters and microstrain in the lattice.
The X-ray examination was carried out using a Philips PW1730 instrument,
which was fully automated and conﬁgured in a Bragg-Brentano focusing geometry
with 2θ optics. In all X-ray investigations, monochromatized CuKα radiation from
a normal focus X-ray tube was used, having wavelengths of λKα1 = 1.5405 Å and
λKα2 = 1.5443 Å.
All X-ray diﬀraction patterns (XRD) were obtained on powdered samples ﬁxed
on a glass slide with a drop of ethanol. For wire samples, the Fe sheath was
mechanically removed to expose the core, then the core was ground in the same
way as for bulk samples, using a mortar and pestle.
A chemical compound or new phase can be determined with the help of XRD
if its volume ratio exceeds 5 %. Peaks in the XRD patterns were indexed using
Bragg’s law of 2d sin θ = nλ, where n is an integer, λ is the radiation wavelength, θ
is the diﬀraction angle, and d is the distance between the reﬂecting parallel planes
with the same (hkl) Miller indices [254]. The lattice parameters were calculated
by ﬁtting XRD patterns using the Rietveld reﬁnement method. The strain in the
lattice was estimated from the slope of the Williamson-Hall plot of the calculated
full width at half maximum (FWHM)× cos(θ) versus sin(θ) [255].
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Scanning electron microscopy

Scanning electron microscopy (SEM) is a method for high-resolution imaging of
surfaces. An incident electron beam is raster-scanned over the sample’s surface,
and the resulting electrons emitted from the sample are collected to form an image
of the surface. Imaging is typically obtained using secondary electrons for the best
resolution of ﬁne surface topographical features. The practical resolution is limited
to 200 Å (20 nm) for most specimens in an optimal position relative to the detector
of secondary electrons [256].
In this work, SEM was used for a direct observation of the microstructure
and for morphology investigation. The SEM unit was equipped with an Energy
Dispersive x-ray Spectrometer (EDS), which provides qualitative and quantitative chemical analysis information. The SEM microstructure investigations were
performed using the secondary electron detector. Maximum magniﬁcation of the
SEM unit employed was ×35,000; an accelerating voltage of 20 kV was used for
all the samples studied.
The best way to observe the microstructure and morphology of bulk MgB2
samples is to examine a freshly broken surface. Specimens for porosity investigation, however, were prepared by hand polishing of corresponding pellets using SiC
grinding papers of 400, 600, 1200, and 2400 mesh. After gradual polishing, samples were cleaned ultrasonically for 10 min with ethanol as the liquid medium. The
porosity values were estimated on SEM images using the point-counting method
(ASTM Speciﬁcation E562).

3.2.3

Transmission electron microscopy

Transmission Electron Microscopy (TEM) permits direct observation and characterization of ﬁne microstructure. TEM is an imaging technique whereby a beam
of electrons is transmitted through a specimen, and then an image is formed,
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magniﬁed, and directed to appear either on a ﬂuorescent screen or for detection
by a sensor such as a Charged-Coupled Device (CCD) camera. TEM has much
higher nominal resolution (0.2 nm) when compared to SEM. Specimens for TEM

c
b
a

Figure 3.1: SEM image of a thin TEM sample milled by Focused Ion Beam (FIB):
a - the MgB2 sample for TEM investigation; b - layer of Pt preventing
damage of the thin sample during milling; c - the thickness of the
ﬁnal sample, about 100 nm.

investigation must be very thin and transparent to electrons, with a typical thickness of ∼ 100 nm. To satisfy these requirements, MgB2 and MgB2−x Cx specimens
were prepared with the help of Focused Ion Beam (FIB) milling at the University
of NSW, Sydney. A typical SEM image of a thin TEM sample milled by FIB
is presented in Fig. 3.1. After FIB, the sample was lifted out and placed on a
holey-carbon coated copper grid.
TEM investigation was carried out on a JOEL JEM 2011 unit equipped with a
diﬀraction facility. This was used for determination of phases and their structures
and for analysis of crystal lattice structure and defects, as well as for observation
of the grain size of pure and doped MgB2 samples.

3.3. Electromagnetic characterization of samples

3.3

57

Electromagnetic characterization of samples

For the determination of electromagnetic characteristics of superconducting materials (Tc , Ic , Jc , Bc2 , Birr ) two main measurements were performed: magnetic and
transport.

3.3.1

Magnetic measurements

Magnetic measurements were carried out on MgB2 samples using a Quantum Design Physical Property Measurement System (PPMS). They included ac-susceptibility
and DC magnetization measurements.
The measured ac-susceptibility (χ) curves as a function of temperature were
used for determination of the Tc values of the studied samples.
DC magnetization measurements. In order to measure the absolute value of the
dc magnetization, a dc ﬁeld was applied to the sample, and the sample was moved
through the entire detection coil. The pick-up coil detects a waveform signal versus
the position of the sample. The dc magnetization was then extracted by ﬁtting

M

the detected signal with the known waveform signal.

ΔM

∼ Jc

H

Figure 3.2: Typical magnetic hysteresis loop for superconductors. The width of
the magnetic hysteresis loop (M ) is proportional to the magnetic
critical current density Jc .
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Critical current density, Jc , can be calculated from the measured magnetic
hysteresis loop assuming that Jc ∝ M , where M is the width of hysteresis loop
(Fig. 3.2). M can be calculated using the relation M = M + + M − , where M +
and M − are the positive and negative branches of the hysteresis loop, respectively.
The calculation of Jc from the dc magnetization is based on the critical state model
[257], applied to a ﬁnite sample and usually called the “modiﬁed Bean model ”.
The magnetic critical current density can be calculated using the following
relations [258]:
• for a plate shaped sample:
Jc =

20M
l(1 − l/(3m))

(3.1)

In this relation, l and m are the dimensions of the sample in cm which are perpendicular to the magnetic ﬁeld direction, with l < m. Jc is in A/m2 and M is
in emu/m3 .
• for a cylindrical sample with a long dimension parallel to the applied magnetic
ﬁeld:

Jc = 30

M
,
d

(3.2)

where d is the diameter of the cylinder in cm. This formula has been used for the
calculation of magnetic Jc of superconducting cores extracted from wire samples.
In this work, the DC magnetization of samples was measured over a temperature range from 5 to 20 K in a time-varying magnetic ﬁeld with a sweep rate of
0.005 T/s and amplitude of up to 8.5 T.
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Transport measurements

Transport critical current (Ic ) is one of the most important characteristics of superconducting wires/tapes for their practical application.
In this work, transport measurements of Fe-sheathed MgB2 wires were carried
out using the so called four probe technique. This method consists of attaching
four contacts to the sample. The two outermost contacts are for the current (I ) and
the two inner are for the voltage (V ). As the current passes through the sample,
a voltage is generated which is proportional to the resistivity. At the normalsuperconducting transition, the voltage drops down to a level which is lower than
the noise level of the measuring instrument. In the case of Ic measurements,
the standard value of 1 μV/cm was used as the criterion for determination of
Ic value. Therefore, Ic is arbitrarily deﬁned as the value of the current which
produces a voltage drop of 1 μV between two voltage contacts separated by 1 cm.
The contacts were attached by low temperature melting solder with Sn:Pb =
50:50. The transport critical current (Ic ) measurements were performed at diﬀerent
temperatures (4.2 - 20 K) and ﬁelds (3 - 16 T) at Ohio State University, USA and
the University of Zagreb, Croatia.
The transport critical current density, Jc , was calculated using the formula
Jc = Ic /A, where A is the cross-sectional area of MgB2 superconductor (deﬁned
with help of optical microscopy, using a Leica DMRM).
The four probe method was also employed for resistivity measurements of the
studied samples. The current and voltage contacts were attached to the sample
surface with silver paste. The resistivity versus temperature curves, ρ(T ), were
measured in magnetic ﬁelds up to 8 T at current density of 1.3×104 A/m2 using
PPMS (Quantum Design). For resistivity measurements of the wire samples, the
voltage and current contacts were directly connected to the superconductor after
the Fe sheath was mechanically removed.
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The upper critical and irreversibility ﬁelds were deﬁned from the resistivity
vs. temperature curves collected at diﬀerent ﬁelds using the following relations:
ρ(Bc2 ) = 0.9ρ(Tc ) and ρ(Birr ) = 0.1ρ(Tc ).

Chapter 4
Inﬂuence of fabrication
parameters on the main factors
aﬀecting current-carrying ability
in pure and SiC-doped MgB2
superconductors
4.1

Introduction

Since the discovery of superconductivity in MgB2 [13], considerable eﬀort has been
focused on the improvement of critical current density (Jc ), and of the upper critical (Bc2 ) and irreversibility (Birr ) ﬁelds of this superconductor [54; 163; 167; 185;
205; 260; 261; 262]. The absence of signiﬁcant weak-links at grain boundaries in insitu fabricated MgB2 [96; 116] makes it easier to improve current-carrying abilities
by increasing density and by introducing additional pinning centers in MgB2 superconductors, without focusing on texture improvement as for high temperature
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superconductors (HTS).
One of the methods to improve the pinning properties of the superconductor is
the process of chemical doping. The authors’ group has found that doping MgB2
with nano particle SiC enhances Jc by more than an order of magnitude in high
ﬁelds, with only slight reduction in the critical temperature (Tc ) [102; 104; 163].
The exceptional properties of SiC doping have been veriﬁed by a number of groups
(see for example Refs. [98; 186; 192; 270]), which have also conﬁrmed that SiCdopant is the best nano C-based dopant for the enhancement of current carrying
properties in MgB2 as yet. However, SiC doping was found to have some negative
eﬀect on Jc in the low ﬁeld region. The Jc for SiC-doped MgB2 was lower than
that for undoped MgB2 below 4 T at 5 K and below 2.5 T at 20 K [98; 163; 168].
The properties of MgB2 superconductor are very sensitive to sintering conditions [109; 144; 167; 264; 270; 272]. The observed variations in superconducting
characteristics (Jc (Ba ), Birr ) have been attributed to changes in the microstructure
of MgB2 samples during the sintering process. At the time of starting this work,
there were only a few studies that reported the eﬀects of sintering temperature on
the properties of SiC-doped MgB2 samples [144; 270]. However, the importance of
SiC doping for practical applications of MgB2 superconductor required more data,
which would cover wider ranges of doping levels and sintering temperatures.
In this chapter, Sect. 4.2 is dedicated to the systematic analysis of the critical
current density performance of SiC-doped wires prepared with diﬀerent doping
levels and processed under diﬀerent sintering temperatures. The important ﬁnding
of this study is that improvement of the Jc (Ba ) performance of SiC-doped MgB2
wires can be attained in all ﬁelds and temperature ranges.
Another example of the inﬂuence of the sintering proﬁle reported in the literature is the eﬀect of the heating rate on the superconducting properties of pure
and SiC-doped MgB2 [273]. It appeared that both pure and SiC-doped samples
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had higher Jc with slower heating rates. This behaviour is a result of solid-state
diﬀusion of Mg into B, which occurs during longer exposure to temperatures below
the melting point of Mg (650 ◦ C). This, in turn, results in less Mg evaporation
when the sintering temperature has been reached and yields samples with less Mg
deﬁciency [273]. It has become clear that each step of the fabrication process can
signiﬁcantly aﬀect the current carrying ability of MgB2 superconductor. Hence,
one of the purpose of this research has been the investigation of the eﬀects of
the cooling rate on the properties of MgB2 superconductors, which has not been
studied so far.
A systematic study of the inﬂuence of the cooling rate on the microstructure
and superconducting properties of bulk MgB2 samples, as well as on 10 wt%
SiC-doped MgB2 samples (as the most important for practical applications) is
presented in Sect. 4.3 of this chapter.

4.1.1

Samples and experimental techniques

Pure and SiC-doped MgB2 samples were prepared by a reaction in-situ. For investigation of eﬀects caused by diﬀerent doping levels and processing temperatures,
SiC-doped MgB2 wires were prepared from powders with the atomic ratio Mg:2B
plus 5 wt%, 10 wt% or 15 wt% of SiC addition (with the SiC nano particle powder
size ranging from 10 nm to 100 nm). A standard powder-in-tube method was used
for fabrication of the Fe clad MgB2 wires. Short samples of wires were sintered
in a tube furnace at 600 ◦ C, 650 ◦ C, 825 ◦ C, and 1000 ◦ C for 30 min or 3 h, and
ﬁnally furnace-cooled to room temperature. A description of the studied samples
is presented in Table 4.1. Since there is a large sample size eﬀect on the magnetic
Jc for MgB2 fabricated by the reaction in-situ process [267; 268], all the samples
for measurement were made to the same size of 0.7 mm in diameter and 2.7 mm
in length for consistent comparison.
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A study of the cooling rate eﬀect was performed on pure and 10 wt% SiC-added
MgB2 bulk samples. The nano SiC powder had a particle size of 15 nm. The pellets
were sintered at 750 ◦ C for 1 h. The temperature was increased by 10 ◦ C/min
during the heating stage and then decreased by cooling to room temperature in
0 h (quench), 0.3 h (2433 ◦ C/h), 14 h (natural furnace cooling; 52 ◦ C/h) and 25 h
(30 ◦ C/h) (see Table 4.2). All the samples for magnetic measurement were shaped
to the same size of 2.3 × 0.5 × 4.5 mm3 for consistent comparison.
Methods for sample characterization included: phase analysis (with the help of
XRD), nanostructure investigation (TEM); measurements of transport and magnetic critical current densities.

4.2

Eﬀect of sintering temperature and SiC doping level

4.2.1

Phase analysis of SiC-doped MgB2

Fig. 4.1(a) shows X-ray diﬀraction patterns for the series of MgB2 samples with
0 - 15 wt% nano SiC addition sintered at a temperature of 650 ◦ C. As can be seen,
the main phase observed within all the samples is MgB2 with some traces of MgO
phase (at 2θ  37 and 62◦ ). In SiC-doped samples, several peaks corresponding
to Mg2 Si phase have been detected. An increasing level of SiC doping results
in higher relative intensity of the Mg2 Si peak at 2θ  40◦ , which indicates the
formation of higher amounts of Mg2 Si phase in the sample. In addition, a small
peak of unreacted SiC has also been observed (at 2θ  35◦ ). The appearance of
the SiC peak indicates: i) poor reactivity of large SiC particles (with a size of
about 100 nm) and ii) that not all the added SiC is involved in the reaction with
the host Mg and B powders. As can be seen, the relative height of the SiC peak
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increases with higher SiC doping levels.
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Figure 4.1: a) X-ray diﬀraction patterns of the 0-15 wt% SiC-doped MgB2 wires
sintered at a temperature of 650 ◦ C. The peaks of MgB2 phase are
indexed, peaks corresponding to other phases are marked according
to the legend. b) Selected area of X-ray diﬀraction patterns shown
in (a). The dotted lines shows the position of MgB2 (110) and (002)
peaks, which have been used for calculation of a and c-lattice parameters, respectively.

Fig. 4.1(b) shows the positions of peaks (110) and (002), which have been used
for calculation of the a and c lattice parameters, respectively, of the hexagonal
MgB2 crystal lattice (see Table 4.1). An increasing SiC doping level results in a
shift of the (110) peak to higher 2θ values, which indicates a contraction of the
a-axis of the crystal lattice. The shift of the (002) reﬂection peak is small and
independent of the SiC addition. Similar changes in the lattice parameters have
been observed for other C or C-inclusive dopants and have been attributed to
partial substitution of C into B sites in the MgB2 crystal lattice [54; 184; 270].
Fig. 4.2(a) shows the X-ray diﬀraction patterns of 10 wt% SiC doped samples
sintered at temperatures of 650 - 1000 ◦ C. Increasing the sintering temperature
leads to a large shift of the (110) peak to higher 2θ values, as indicated by the dotted line, revealing a large reduction in the a-lattice parameter (Δa in Table 4.1),
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Table 4.1: Sintering proﬁles and some parameters of the samples studied. Lattice parameters a and c are deﬁned from XRD patterns; a deﬁnes
changes in the a-lattice parameter as a result of C incorporated into
the MgB2 lattice on B sites.
No

SiC addi-

Sintering proﬁle,

a,

c,

a,

Jc (20 K,0 T),

1
2
3
4
5
6
7
8
9
10
11
12

tion, wt%
0
0
0
5
5
5
10
10
10
15
15
15

(◦ C × min)
650×30
825×30
1000×30
650×30
825×30
1000×30
650×30
825×30
1000×30
650×30
825×30
1000×30

Å
3.0828
3.0780
3.0846
3.0744
3.0735
3.0754
3.0698
3.0718
3.0744
3.0734
3.0698
3.0734

Å
3.5184
3.5160
3.5248
3.5184
3.5160
3.5236
3.5122
3.5184
3.5248
3.5184
3.5210
3.5236

Å
0.0084
0.0046
0.0092
0.0130
0.0065
0.0102
0.0094
0.0082
0.0112

× 109 A/m2
2.4
4.0
0.90
3.10
4.0
2.2
1.7
2.8
3.2
0.7
1.7
2.7

and, hence, that a higher level of C has been substituted for B in the MgB2 lattice.
In addition, the SiC peak becomes higher with increasing sintering temperature,
which is a sign of worse reactivity of SiC with Mg and B powders at higher temperatures. Moreover, it can be clearly seen that the Mg2 Si peaks diminish when the
sintering temperature is increased and disappear at 1000 ◦ C. This behaviour is consistent with results reported by other authors [186; 265]. DTA analysis conducted
by Matsumoto et al. [186] showed that the Mg2 Si peak formed at a temperature of
600 ◦ C, but weakened when the temperature exceeded 800 ◦ C. It is likely that at
higher temperatures MgB2 phase is more stable and grows at the expense of Mg2 Si
phase [265]. On the other hand, with increasing sintering temperature the MgB2
peaks become sharper, as evaluated by Full Width at Half Maximum (FWHM)
values of the (101) peak (Fig. 4.2(b)). For each level of SiC doping, FWHM values
decrease with increasing sintering temperature (Fig. 4.2(b)) indicating growth of
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Figure 4.2: a) X-ray diﬀraction patterns of 10 wt% SiC doped samples sintered
at temperatures of 650 - 1000 ◦ C. b) FWHM values of the (101)
MgB2 peak for samples with addition of 0-15 wt% SiC prepared at
diﬀerent sintering temperatures.

grain size in the samples. On the other hand, FWHM values of SiC-doped samples are larger than those for pure MgB2 and increase with increasing doping level
at each sintering temperature. This behaviour can be explained by the inferior
MgB2 crystallinity associated with C substitution for B in the SiC-doped MgB2
samples. It is interesting to note that a higher level of C is incorporated into
the lattice at low (650 ◦ C) and high (1000 ◦ C) temperatures, as is evident from
the sharper slope of the corresponding FWHM curves and Δa values (Table 4.1).
At a sintering temperature of 825 ◦ C, SiC becomes less reactive. This feature of
SiC doping made it diﬃcult to understand the mechanism for the improvement of
the superconducting properties of MgB2 , which was in contrast to samples with
other C or C-containing dopants, where the level of C in the lattice increased with
higher temperatures. The reason for this behaviour lies in the reaction between
the SiC-dopant and the Mg powder, as will be explained in detail in Chapter 5.
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Eﬀect of sintering temperature on nanostructure

Fig. 4.3 shows TEM images illustrating the eﬀect of sintering temperature on the
nanostructure of SiC-doped MgB2 wires processed at 600 ◦ C for 3 h (Fig. 4.3(a))
and 825 ◦ C for 30 minutes (Fig. 4.3(b)).

(b)

(a)
(101) MgB2

(101) MgB2

30 nm

30 nm

Figure 4.3: TEM images and selected area diﬀraction patterns (insets) obtained
from the (a) 10 wt% SiC-doped MgB2 samples sintered at 600 ◦ C
and (b) 5 wt% SiC-doped MgB2 samples sintered at 825 ◦ C. The
broken arrows show impurities (Mg2 Si and/or MgO, according to
XRD patterns) within the samples.

The grains in SiC-doped MgB2 sintered at 600 ◦ C appeared to be small (less
than 50 nm) and with limited crystallinity, as evidenced by the contrast in the
bright ﬁeld micrograph and typical spotty ring shape of the selected area electron
diﬀraction pattern (inset in Fig. 4.3(a)). In contrast, the sample sintered at 825 ◦ C
contained many larger grains (> 100 nm) with better deﬁned crystallinity, as shown
in the bright ﬁeld image (Fig. 4.3(b)), and a lower number of large crystals in a
given selected area diﬀraction pattern (inset in Fig. 4.3(b)).
A large amount of impurities (some of them shown by dotted arrows in Fig. 4.3),
which are presumably Mg2 Si and/or MgO according to the XRD patterns (Fig. 4.1),
has been observed in both the samples investigated. The impurity particle size
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showed the same trend as the MgB2 grain size. Lower temperature sintering, in
particular, results in smaller size (< 10 nm) inclusions, and higher temperature
sintering promotes the growth of impurities (up to 10 - 20 nm).

4.2.3

Tc and low ﬁeld Jc values

Critical temperature values, Tc , of the samples investigated are presented in Fig. 4.4.
One can see that increasing the SiC doping level results in reduction in the Tc value.
This is consistent with large lattice contraction (Table 4.1) and alteration of the
electron conﬁguration, which occurs with higher levels of C doping [16]. On the
other hand, for each group of samples with the same SiC doping level, Tc increases
with increasing sintering temperature. This can be explained by improved crystallinity (lower FWHM values, Fig. 4.2(b)) of MgB2 samples subjected to higher
sintering temperature.

Critical temperature, Tc (K)

39

38

MgB2
5 wt % SiC
10 wt % SiC
15 wt % SiC

37

36

35

34
600

700

800

900

o

1000

Sintering temperature, T ( C)

Figure 4.4: The critical temperature value vs. sintering temperature for MgB2
samples with diﬀerent SiC doping levels.

Fig. 4.5 shows magnetic Jc (Ba ) behaviour at 5 K and 20 K for the undoped and
SiC-doped MgB2 wires sintered at 825 ◦ C for 30 minutes. The Jc (Ba ) performance
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for undoped MgB2 wire is consistent with the results published by a number of
groups [98; 163; 186]. Jc reached 4×109 A/m2 at 20 K and self ﬁeld (Table 4.1),
and about 109 A/m2 at 5 K and 3 T, which are the best Jc values for undoped
MgB2 wires. Jc (0 T ) for 5 wt% SiC-doped MgB2 wire has reached the same value
in self ﬁeld and 20 K (Table 4.1) and was slightly higher at 3 T and 5 K, compared
to undoped MgB2 wire. In the low ﬁeld region the Jc values for the 10 wt% and
15 wt% SiC-doped wires are lower than those of the undoped sample at both 5 K
and 20 K (Table 4.1).
The inset in Fig. 4.5 shows the Jc (Ba ) values of samples sintered at temperature
of 650 ◦ C. As can be seen, for samples prepared at lower sintering temperature
the self ﬁeld Jc values are lower when compared to samples sintered at higher
temperature (825 ◦ C) (see also Jc (0 T, 20 K) values in Table 4.1). For both
sintering temperatures, a higher level of SiC doping degraded Jc values in the low
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ﬁeld region, which is in agreement with preceding studies [98; 163; 168].
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Figure 4.5: The Jc (Ba ) curves at 5 and 20 K for the 0 - 15 wt% SiC-doped MgB2
wires sintered at 825 ◦ C for 30 min. The inset shows Jc (Ba ) curves
at 20 K for those samples sintered at 650 ◦ C for 30 min.
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In the low ﬁeld region, the critical current density is very sensitive to structural transparency (sample purity and connectivity) [96; 158; 226; 276] (see also
Chapter 9 for more details). According to the XRD results (Figs. 4.1(a), 4.2(a)),
the main impurity in the studied SiC-doped samples is Mg2 Si, which increased
with increasing doping level, but decreased with increasing sintering temperature.
In addition to this, samples contain some large SiC particles (up to 100 nm) that
have not reacted with MgB2 . The starting material had of an Mg:B molar ratio of
1:2 and, therefore, the amount of superconducting MgB2 phase decreases in SiCdoped samples sintered at low temperature and in samples with higher SiC levels
as a result of a higher level of Mg2 Si impurity formation and a higher amount of
unreacted SiC. Thus, for SiC-doped samples, there is a considerable amount of
impurity phases that tend to reside inside and, in case of an extremely high level,
in between grains. The latter may result in worse connectivity of grain boundaries and degrade the intergranular current ﬂow. For a low level of SiC doping
(5 wt%) the amount of unreacted SiC particles and the level of Mg2 Si phase is
likely to be moderate and, probably, these phases are distributed within the grains.
Hence, the current ﬂow is not signiﬁcantly degraded and shows the same trend as
in pure MgB2 as Ba → 0. Increasing the SiC level (10 - 15 wt%) results in a
greater amount of these phases, which lead to dissipation of current and greater
degradation of low ﬁeld Jc values.
On the other hand, samples with SiC doping sintered at low temperature
(650 ◦ C) have small grains (Figs. 4.2(b), 4.3(a)) which are poorly connected. The
higher sintering temperatures result in grain growth, and better crystallinity and
connectivity. In addition, in samples subjected to higher sintering temperatures,
defects move toward grain boundaries and are annihilated, making grain boundaries more transparent to current ﬂow (Sect. 4.3). Fewer boundaries having higher
overall transparency is likely to be the key to larger Jc at low ﬁelds for samples
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sintered at higher temperatures. For SiC-doped samples sintered at higher temperature (825 ◦ C), the amount of Mg2 Si phase is reduced (Fig. 4.2(a)). However,
a higher level of unreacted SiC particles (especially at the higher SiC doping levels
of 10 - 15 wt%) is likely to attenuate critical current ﬂow, resulting in Jc (Ba → 0)
values which are lower compared to the pure sample (Fig. 4.5, Table 4.1).
In the higher ﬁeld region (∼ 2.5 - 5 T) SiC-doped samples show increased Jc
values, conﬁrming that nano SiC doping results in enhancement of ﬂux pinning at
higher magnetic ﬁelds. It should be noted that in the measurement range up to
about 5 T the Jc values for 5 wt% SiC-doped wires are higher than the Jc values
of 10 wt% and 15 wt% SiC-doped samples. The Jc behavior for all these samples
sintered at 650 ◦ C (see inset in Fig. 4.7) showed the same trend as for samples
sintered at 825 ◦ C. It is evident that for low ﬁeld (< 5 T) applications 5 wt% SiC
doping gives the best performance in Jc (Ba ), without any degradation even in self
ﬁeld.

4.2.4

Pinning mechanism. In ﬁeld Jc (Ba ) performance.

In the high ﬁeld region, the Jc (Ba ) behaviour depends on the amount of pinning
sources: the higher the density of pinning sites, the better the pinning and Jc (Ba )
performance that should be expected. The pinning mechanism induced by SiC
doping was studied for pure and 10 wt% SiC-doped samples sintered at the temperature of 825 ◦ C. The magnetic Jc (Ba ) curves for these samples are presented
in Fig. 4.6.
The pinning force, Fp , has been estimated using the equation Fp = Jc × Ba .
Fig. 4.7(a) shows the normalized ﬂux pinning force Fp /Fpmax at 20 K as a function
of the reduced ﬁeld b = Ba /Birr , where the values of Birr have been obtained from
the criterion of Jc (20 K)=106 A/m2 .
According to the Dew-Hughes model [159], the normalized pinning force can be
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Figure 4.6: Typical magnetic Jc (Ba ) curves for pure and 10 wt% SiC-doped
MgB2 samples.
described as Fp (b) = Fp /Fpmax ∝ bp (1 − b)q . Fits to the experimental Fp (b)/Fpmax
curves for both the samples investigated are presented in Fig. 4.7(b,c). The ﬁtting
parameters p = 0.55, q = 2.08, and bmax = 0.20 ± 0.01 have been obtained for
the SiC-doped sample at T = 20 K (Fig. 4.7(b)). According to the Dew-Hughes
model, these values correspond to normal core pinning on surface pins, such as
grain boundaries, planar dislocations, etc (Sec. 2.3.5)
The pinning force reaches a maximum at bmax = 0.20 ± 0.01 for pure and
SiC-doped samples, indicating a similar pinning type in them. One would expect
that the surface type pinning would be obvious in the pure samples, in which
grain boundaries are identiﬁed as the main pinning source [96; 154; 156; 157; 158].
However, the curve with parameters p = 0.5 and q = 2 for the pure sample does
not ﬁt the experimental data, especially at low ﬁelds (Fig. 4.7(c)). The ﬁtting
procedure yields values of p  0.95 and q  3.06 (dotted line in Fig. 4.7(c)).
These ﬁtting parameters are consistent with those reported in Refs. [196; 226].
The explanation for such pinning force behavior is still unclear. However, it can
be related to the supercurrent ﬂow, which is mainly determined by structural
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Figure 4.7: (a) Normalized ﬂux pinning force Fp (b)/Fpmax as a function of the
reduced ﬁeld b = Ba /Birr at measuring temperature of 20 K. Fitting
curves for SiC-doped (b) and pure MgB2 sample (c). The dotted
line shows the position of b = bmax , at which the Fp (b)/Fpmax curve
reaches a maximum.
transparency (explained above) rather than by the pinning properties in the pure
MgB2 samples [277; 226]. Therefore, it would be unlikely to expect a reasonable
ﬁt of the pinning force with the parameters predicted by the model in the low ﬁeld
region, as shown in Fig. 4.7(c).
The results observed show that pinning is dominant on the surface type of pins
in both samples investigated (case (3) in the Dew-Hughes model, Sect. 2.3.5). It
is important to note, that the point-like round-shaped inclusions (Mg2 Si/MgO)
seen in Fig. 4.3 are less signiﬁcant for the improvement of pinning mechanism
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at 20 K (for ﬂux pinning on point defects, the parameters p and q should be
equal to 1 and 2, respectively, as for case (5)). Indeed, these inclusions can be
eﬀective only at extremely high density and at rather high temperatures, since
their pinning ability is of a “collective” nature, due to their point-like action and
because vortex lines have to be rather soft to be pinned by these defects. This
also means that pinning by these defects would be weakened in high ﬁelds, where
the vortex-vortex interaction is very strong, making the vortex lattice more rigid,
so that the point-like defects become ineﬀective [102].
Although nano-inclusions do not act as pinning sites, their role in the MgB2
system is important. Together with C substitution for B in the lattice, their
appearance and growth within MgB2 grains generates a large number of crystal
lattice defects (dislocations, stacking faults, etc.) and nano-domains with size
< 10 nm [188], which signiﬁcantly contribute to the pinning. In addition, these
inclusions act as nucleation centers for MgB2 grain formation. This results in a
microstructure with small grains and, hence, a large density of grain boundaries,
which also provide a large number of surface pins.
In contrast to point-like defects, the pinning ability of the dislocations (which
are extended defects) in increasing ﬁeld is not expected to become less pronounced,
since extended lengths of vortices can be trapped in randomly oriented dislocations.
Fig. 4.8(a) shows the eﬀects of the SiC doping level on transport Jc (Ba ) performance measured at 4.2 K in the ﬁeld range from 5 T to 15 T for the 0 - 15 wt% SiCdoped MgB2 wires sintered at 650 ◦ C. First, we see a clear diﬀerence in Jc (Ba )
between the undoped and SiC-doped wires, with the Jc value for the doped wires
at all three doping levels being more than one order of magnitude higher than
that of the undoped one. Moreover, at 4.2 K the rate of Jc drop with increasing
ﬁeld follows the sequence: undoped sample > 5 wt% doped sample, 15 wt% doped
sample > 10 wt% doped sample. Furthermore, there is a cross-over of the best
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Jc (Ba ) from 5 wt% SiC-doped wire in the low/middle ﬁeld range (0 T to 5 T) to
10 wt% SiC-doped wire in the high ﬁeld range (8 T to 15 T).
This enhancement of Jc (Ba ) for doped samples is due to i) a higher level of
pinning centers, which include grain boundaries and crystal lattice defects (such as
dislocations and stacking faults), generated by C-substitution for B in the MgB2
crystal lattice, and large number of nano-impurities in the doped samples; and ii)
higher upper critical ﬁeld values, Bc2 . Bc2 values were not measured for the samples
studied in this section. However, it can be speculated that Bc2 increases in the
samples with higher level of SiC doping as a result of large level of C substitution
for B, which is consistent with large reduction of a lattice parameter (Δa values
in the Table 4.1), and increased amount of defects introduced by doping (some of
them may act as pinning centers).
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Figure 4.8:

The transport Jc (Ba ) performance measured at 4.2 K for 015 wt% SiC-doped wires sintered at 650 ◦ C (a) and 825 ◦ C (b).

In term of pinning, the Jc (Ba ) performance in studied samples can be explained
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as following. As described above, the pinning on surface defects is dominant,
therefore, a higher level of C-substitution in the lattice and the appearance of a
higher amount of Mg2 Si phase should increase the number of surface pins in the
15 wt% SiC-doped sample and result in higher Jc (Ba ) performance for this sample
at high ﬁelds. However, the results in Fig. 4.8 imply that the optimal doping level
for the high ﬁeld region is the “middle” doping level with 10 wt% SiC. It is likely
that for a higher level of SiC doping (15 wt%), there is an interplay between the
amount of superconducting phase and the amount of pinning sites. Obviously, the
amount of superconducting phase is reduced, while the density of pins raises on
increasing the doping level. However, it may occur that the contribution of critical
current improved by pinning is suppressed by the higher level of current dissipated
on impurities. This probably can explain why a higher level of SiC doping (>
10 wt%) providing a high number of surface pins is not eﬃcient for improvement
of high ﬁeld Jc (Ba ) performance. For a lower SiC doping level (5 wt%), the number
of defects is probably not high enough to form a suﬃciently dense pinning network
and, hence, reach higher Jc (Ba ) values. On the contrary, in the 10 wt% SiC-doped
sample, an optimal balance between the amount of superconducting phase and
the defect density has likely been achieved, which resulted in the highest Jc (Ba )
performance observed among all the samples investigated.
Fig. 4.8(b) shows transport Jc (Ba ) for samples sintered at higher (825 ◦ C)
temperature. As one can see, the Jc (Ba ) performance is notably reduced for all
samples with increasing sintering temperature. Fig. 4.9 shows the eﬀect of sintering
temperature on the transport Jc (Ba ) in the ﬁeld range from 8 T to 15 T for the
10 wt% SiC-doped wires. It is clear that the best Jc (Ba ) performance in this
ﬁeld region comes from sample sintered at 650 ◦ C. It is due to higher density of
microstructural imperfections, which lead to enhanced electron scattering, and,
hence, higher Bc2 values, as well as result in enhanced pinning. Results presented
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Figure 4.9: The eﬀect of sintering temperature on the transport Jc (Ba ) for the
10 wt% SiC-doped wires.

in Figs. 4.8-4.9 suggest that ﬂux pinning becomes less eﬀective in the samples
sintered at higher sintering temperature. Indeed, the density of surface pins in the
SiC-doped samples, which are mainly introduced by grain boundaries and crystal
lattice defects, is reduced with higher sintering temperature. This is because
increasing the sintering temperature from 650 ◦ C to 1000 ◦ C leads to substantial
grain growth (Fig. 4.3) and, hence, reduction of grain boundaries density. In
addition, the number of Mg2 Si impurities is reduced with higher temperature
(Fig. 4.2(a)), resulting in a lower density of crystal lattice defects within the MgB2
grains. Weakening of ﬂux pinning results in the observed reduction of Jc (Ba )
performance in the SiC-doped MgB2 samples sintered at higher temperatures.
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Eﬀect of cooling rate
Micro and nanostructure examination

The microstructure of all the samples has been investigated with the help of SEM
and TEM observations. The microstructure in SEM images for pure and SiCdoped samples is quite similar. Hence, only images for pure MgB2 are shown in
Fig. 4.10. For each cooling time, images with typical microstructures are shown.

Figure 4.10: SEM images of the microstructure of the studied pure MgB2 samples
cooled for 0 h (a), 0.3 h (c), 14 h (d) and 25 h (e). TEM images of
the nanostructure of MgB2 that was quenched (b) and cooled for
25 h (f).

As can be seen, the microstructure changes notably with increasing cooling time. The quenched sample has “reference” grains formed during the heattreatment at the sintering temperature of 750 ◦ C. This sample is characterized by
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ﬁne microstructure with an average grain size of about 50 nm (Fig. 4.10(a, b)).
Much larger grains of about ∼ 800 nm (see the bottom right corner of Fig. 4.10(a))
can also be seen but there are relatively few of them (less than 10% of the studied
areas). The TEM image (Fig. 4.10(b)) also shows a broad variation of the grain
size with some grains smaller than 5 nm, which is consistent with the preceding
observations [188]. However, the average grain size of 50 nm has been conﬁrmed
by the TEM observation (solid arrows in Fig. 4.10(b)). After increasing the cooling time to 0.3 h, the grain size has generally been increased: grains 50-70 nm in
size can be found in region A (Fig. 4.10(c)) and larger ones with a size of about
600 nm in region B. The observed grain growth occurs due to the coalescence of
some small grains to form larger ones, as a result of the longer exposure to higher
temperatures. Indeed, the longer cooling time of 14 h results in a microstructure
consisting of grains with an average size of 300 - 400 nm (Fig. 4.10(d)). Further
extension of the cooling time to 25 h promotes further grain growth (∼ 500 nm),
particularly in one direction (Fig. 4.10(e, f)). Presumably, MgB2 grains grow faster
along the ab-plane rather than along the c-axis.

4.3.2

Porosity study

SEM observation with a lower magniﬁcation and its analysis have shown that
the porosity, which forms in in-situ prepared MgB2 superconductors due to the
diﬀerences in the theoretical densities of Mg+B powders and MgB2 material [96],
is about 43.0% for the quenched samples and (32.0 ± 2.0)% for the samples with
the cooling time > 0 h. Similar porosity levels are observed for SiC-doped samples.
Clearly the quenched samples, which reﬂect to a large extent the state of the sample
at high temperature, have a notably higher level of porosity (i.e., lower overall
density of the samples) compared to the other samples. This may indicate that
the microstructure undergoes some settlement (shrinking) process during extended
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cooling due to a gradual pressure release in the voids. The shrinking process may be
important for MgB2 wire fabrication to remove unwanted mechanical stress in the
wires. In addition, the supercurrent path percolation should be more pronounced
in the samples with the larger degree of porosity, which is again not desirable for
current-carrying wires with small dimensions.

4.3.3

Strain in MgB2 lattice

Fig. 4.11(a) shows the strain values in the lattice for the studied samples estimated
from the slope of the Williamson-Hall plot of the calculated full width at half
maximum (FWHM)× cos(θ) versus sin(θ) [255].
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Figure 4.11: (a) Dependence of the strain in the MgB2 lattice on the cooling
time; (b) the relative amount of Mg2 Si impurities in the SiC-doped
samples as a function of the cooling time. The lines are only guides
for the eye.

It is well known that sintering reduces strain as a result of defect annihilation.
For the pure MgB2 samples, increasing the cooling time from 0 to 25 h results
in the expected relaxation of the structure and the reduction of the lattice strain
from 0.45 to 0.40% (Fig. 4.11(a)). In contrast, the lattice strain in the SiC added
samples increases with increasing cooling time. Notably, the lattice strain behav-
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ior correlates with the behavior of the number of Mg2 Si inclusions in SiC added
samples, as can be seen in Fig. 4.11(b). The amount of the Mg2 Si inclusions has
been estimated from the relative height of the peaks in the XRD pattern. The
longer the cooling time, the larger the amount of the Mg2 Si impurities that are
formed. However, when the number of the inclusions is below 18% (Fig. 4.11(b)),
the strain in the lattice behaves in the same way as for the pure MgB2 matrix
(Fig. 4.11(a)). This could imply that below a certain threshold of the Mg2 Si level
(18%), the crystal lattice strain in MgB2 is governed only by the combination of
the C substitution into B sites and the vacancies formed due to the lack of the
Mg consumed for Mg2 Si formation. According to Refs. [102; 185], this combination may cause the contraction of the crystal lattice parameters and induce lattice
strain in the MgB2 crystal framework.
The contraction (Δa) in the a-lattice parameter has been determined with the
help of the X-ray diﬀraction patterns (Table 4.2). By comparing the measured
Δa with the a(x) dependence obtained by neutron diﬀraction in Ref. [184], it is
possible to determine the C substitution level x in our SiC-doped samples. It turns
out that similar level of C (x = 0.035 in average) was substituted for B in all the
studied samples (Table 4.2).
Above the 18 % threshold, the increasing level of Mg2 Si inclusions starts being
the dominating factor, which contributes to the crystal lattice strain (likely through
a large number of consequent “secondary” defects) as can be seen by comparing
the behavior in Fig. 4.11(a) and (b). In contrast to Refs. [102; 185], we could
not detect any consistent inﬂuence of the Mg vacancies formed in MgB2−x Cx due
to the magnesium consumed by the Mg2 Si inclusions on the a-parameter and the
level of C substitution (x) due to limitation of the techniques used in this work.
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Table 4.2: Cooling times and some parameters of the samples studied. Lattice parameters a and c are defined from XRD patterns; 6 a defines
changes in the a- lattice parameter as a result of C incorporated into
the MgB 2 lattice on B sites; the amount of C substituted for B is
defined as x, which has been estimated from the neutron diffraction
data of Ref {184J.

wt %
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2
3
4
5
6
7
8
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Critical temperature

Critical temperature, as well as other characteristics of the studied samples, is
summarized in Table 4.2. As can be seen, Te = 38.4 ± 0.1 K for the pure MgB 2
samples and does not change significantly as the cooling rate decreases. In the
case of the SiC-added samples, it is noticeable that Te

~

35.5 K is slightly higher

(by 0.2 to 0.4 K) for the quenched sample compared to the samples with the longer

cooling times. Although the transition temperature is not significantly affected by
increasing the cooling time, a slight Te degradation in the SiC-doped samples could
be associated with the additional strain introduced into the lattice as described
a.bove in the text.

4.3.5

Jc(Ba) performance

The effect of cooling time on Je(Ba) performance of pure and 10 wt% SiC added
MgB 2 samples is presented in Fig 4.12. The Jc(Ba) is only weakly influenced by
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Figure 4.12: The eﬀect of the cooling time on Jc (Ba ) performance of (a) pure
and (b) 10 wt% SiC added MgB2 samples.

Among the studied pure MgB2 samples (Fig. 4.12(a)), the Jc (Ba ) curve for the
quenched sample is slightly higher than that for the samples with longer cooling
times over the entire temperature and ﬁeld ranges measured. In the case of SiC
added MgB2 samples (Fig. 4.12(b)), samples cooled for 0 and 25 h both had Jc
values of 1.6 × 108 A/m2 at 8 T and 5 K, which is higher by a factor of 2 and 1.5
than those with cooling times of 0.3 h and 14 h, respectively. For both types of
samples, the ones having 0.3 h cooling time showed the lowest Jc (Ba ) curves. For
the pure MgB2 samples, this Jc (Ba ) performance is consistent with the lowest Bc2
value observed in this sample (see Fig. 4.13(a)).
Since Bc2 values are almost similar for pure MgB2 samples (except for the sam-
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ple with cooling time of 0.3 h) and coincide for SiC-doped samples (Fig. 4.13(a)),
the observed discrepancy in Jc (Ba ) performances can be explained by diﬀerent
mechanisms of the ﬂux pinning in the samples studied. On the basis of microstructure investigation one can see that the quenched samples (0 h cooling time) have
a microstructure with small grains and, consequently, a large number of grain
boundaries that act as pinning centers. In addition, the quenching of the samples
has resulted in a more profound structural disorder and caused higher strain in the
MgB2 lattice in both the pure and SiC added MgB2 samples, compared to the corresponding samples with 0.3 h cooling time (Fig. 4.11(a)). The extra strain leads
to a number of crystal defects, such as dislocations within MgB2 grains (shown by
broken arrows in Fig. 4.10(b)), which are known to serve as strong pinning centers
[102]. For the samples with SiC addition there are numerous Mg2 Si inclusions and
accompanying defects inside MgB2 grains. The latter also enhance pinning and,
hence, Jc (Ba ) performance at high magnetic ﬁelds [102; 163; 185].
Increasing the cooling time from 0.3 to 25 h resulted in grain growth and
hence in reducing the number of grain boundaries. On the other hand, the grain
connectivity (transparency) is likely enhanced. Defects formed in the structure
during the sintering procedure have a tendency to move towards places with lower
potential energy, e.g. grain boundaries, and eventually disappear or annihilate.
If the cooling time (or exposure time to high temperature) is short, the defects
may only have enough time to redistribute themselves, so that the largest defect
density would be situated in the vicinity of the grain boundaries. In this case, the
supercurrent would experience somewhat larger charge carrier scattering at the
grain boundaries. Such defect dynamics is unlikely to reach the level of weak-link
like boundaries, but would result in a slight decrease in the current-carrying ability
of the sample. Signiﬁcantly increasing the cooling time (or longer exposure to
higher temperatures) would result in substantial defect annihilation, which would
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make the grain boundaries (and the grain interior) more transparent to the current
ﬂow. This expectation is supported by our experimental observations: the samples
cooled for 14 and 25 h exhibit slightly larger Jc values compared to the samples with
a cooling time of 0.3 h (Fig. 4.12). A lower transparency of the grain boundaries
to the current ﬂow for the 0.3 h cooled sample than in the samples cooled for 14
and 25 h can be also conﬁrmed by the larger resistivity (ρ) measured at 40 K in
the former sample than in the latter ones (see Table 4.2). In addition, one can
see a faster degradation of Jc (Ba ) with ﬁeld in the pure MgB2 samples with the
longer cooling time (14 and 25 h) compared to the quenched sample and the one
with the short cooling. This is due to the larger number of pinning sites (small
grains with more grain boundaries, as seen in Fig. 4.10) existing in the samples
with 0.3 h cooling, which provide stronger pinning at higher ﬁelds in contrast to
the samples with longer cooling times.
In the case of the samples with SiC addition, the transparency enhancement of
the grain boundaries with increasing cooling time is accompanied by the additional
formation of Mg2 Si, producing larger strain in the lattice (Fig. 4.11(a)). Hence,
we have two competing mechanisms: the additional formation of defects and their
annihilation due to the extended cooling time. As can be seen in Fig. 4.12(b), the
14 h cooled sample has a faster Jc (Ba ) degradation, as in the case of the corresponding pure MgB2 sample, whereas the 25 h cooled sample shows an improved
Jc (Ba ) performance in contrast to the pure sample case. Indeed, if the amount
of the additional Mg2 Si formed in the case of the 14 h sample is only marginally
larger than for the samples with the short cooling times (Fig. 4.11(b)), the lattice
strain, defect redistribution, and Jc (Ba ) behavior are reproducing the behavior of
the corresponding pure sample. For the 25 h cooled sample, the amount of Mg2 Si
is increased considerably, which resulted in the introduction of additional stress
into the lattice (Fig. 4.11(a)) and general pinning enhancement (Fig. 4.12(b)).
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Upper critical and irreversibility ﬁelds

The temperature dependences of the upper critical ﬁeld Bc2 (T ) and the irreversibility ﬁeld Birr (T ) shown in Fig. 4.13 again indicate that the crucial para10
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Figure 4.13: (a) Bc2 and (b) Birr dependences on temperature of pure and SiCadded MgB2 samples.

meters determining the superconducting properties of the SiC-doped MgB2 samples are the level of carbon substitution and of nano particle inclusions. Neither
Bc2 (T ) nor Birr (T ) changes with increasing cooling time. It is well known that
Bc2 (T ) ∝ ξ −2 (T ) (Eq. (1.7)) and that the coherence length ξ(T ) is proportional to
the mean free path (scattering) of the electrons on the defects (Eq. (1.3)). In SiCdoped MgB2 samples the scattering is governed by the combination of “strong”
scattering in the σ-band due to the C-substitution and “weak” scattering in the
π-band due to the magnesium vacancies [31; 55]. Apparently, the absence of any
change in the Bc2 (T ) dependence (Fig. 4.13(b)) indicates that the cooling rate
has a negligible inﬂuence on the factors responsible for the scattering. Since the
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C-substitution level remained nearly constant (Table 4.2) whereas the number of
Mg-vacancies increased, it is reasonable to conclude that the main factor responsible for the scattering in the case of SiC-doped samples is the level of C-substitution,
which remained unchanged, just like Bc2 . This conclusion is also supported by the
positive curvature near Tc in Fig. 4.13(a) [55]. The positive curvature is governed
by the C-substitution, whereas the Mg-vacancies are responsible for negative curvature. An indirect indication of an increase in the number of Mg-vacancies is
given by the increase in the relative amount of Mg2 Si inclusions, as indicated by
XRD and shown in Fig. 4.11(b).
In spite of the fundamental diﬀerences between the Bc2 (T ) and Birr (T ) ﬁelds,
their behavior is often mutually correlated, since the most eﬀective pinning occurs
at a defect size equal to the doubled coherence length. Therefore, the temperature
dependence can aﬀect both characteristic ﬁelds in a similar way. In SiC-doped
MgB2 superconductors the pinning is governed by nano-inclusions such as Mg2 Si
and accompanying induced defects [102; 185]. The results shown in Fig. 4.13(b)
strongly support this conclusion. The Birr (T ) curves for the doped samples coincide
indicating the same pinning origin and properties independent of the cooling time.
In contrast, the pure MgB2 samples exhibit a clear dependence on the cooling
rate for both Birr (T ) and Bc2 (T ), which indicates that pinning and scattering
properties are aﬀected by the cooling rate. As has been shown above, the cooling
rate in the pure sample has an inﬂuence on the grain size and on the defect
redistribution within the grains. Therefore, it is reasonable to assume that Birr (T )
and Bc2 (T ) variation in the pure MgB2 is mainly aﬀected by changes in pinning
properties in these samples, which is in agreement with the preceding ﬁndings
[96; 116; 188; 268].
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Conclusion

The systematic study of microstructural and superconducting properties of pure
and SiC-doped MgB2 material have allowed us to understand the inﬂuence of
diﬀerent microstructural factors on the physical behaviour of MgB2−x Cx superconductors.
Investigation of SiC-doped samples prepared at diﬀerent sintering temperatures
and with diﬀerent cooling times showed that a low sintering temperature (650 ◦ C)
and a quench (0 h) result in the formation of a higher density of surface defects
(grain boundaries, crystal lattice defects, etc.), which are beneﬁcial for pinning
enhancement and result in improvement of Jc (Ba ) performance in the high ﬁeld
region. Higher sintering temperature and longer cooling time (25 h) cause the
formation of larger, better connected MgB2 grains, that are more transparent to
current ﬂow. This, in turn, gives better self ﬁeld Jc performance.
Variation of the SiC doping level demonstrated that in the low ﬁeld region, a
low level of SiC doping (5 wt%) does not cause the degradation of Jc (Ba → 0).
This has been explained by the low amount of impurity phases, which are mostly
distributed within MgB2 grains. This conﬁguration assures good connectivity of
grain boundaries, just as in a pure MgB2 sample. On the contrary, a higher level
of doping results in a higher level of phase formation within and in between MgB2
grains. This causes worse connectivity, greater current dissipation and, hence, a
notable reduction of the low ﬁeld Jc value. However, in the high ﬁeld region, a
higher SiC doping level (10 wt%) results in a denser network of defects, which act
as eﬀective pinning centers, improving the high ﬁeld Jc (Ba ) performance.
The results observed suggest that sintering temperature, doping level, and
cooling time may be used to achieve a desirable balance between defect density,
the amount of superconducting/non-superconducting phases, and transparency of
grain boundaries, which are crucial parameters for optimization of Jc (Ba ) proper-
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ties in each ﬁeld region.
One of the most important results of this study is the clariﬁcation of the pinning
mechanism in SiC-doped samples. Analysis of the normalized pinning force in
accordance with the Dew-Hughes model clearly demonstrated that normal core
pinning on surface defects (such as grain boundaries, as well as dislocations, and
stacking faults boosted by C-substitution and Mg2 Si phase formation) plays a
dominate role in SiC-doped MgB2 samples.
The results observed can be used as a guide for consideration of a sintering proﬁle or superconductor composition for any particular application. For instance,
for high current/low ﬁeld applications of MgB2−x Cx superconductor (electric cables, transformers, Magnetic Resonance Imaging systems (MRI)), a doping level of
0 - 5 wt% SiC, a sintering temperature of 825 ◦ C, and longer cooling time (25 h)
should be used. For high current devices required for operation in the middle
ﬁeld range (3 - 5 T), sintering temperature of 825 ◦ C and quick cooling (quench)
are beneﬁcial for both pure and SiC-doped MgB2 samples. For application in the
high ﬁeld region of 8 - 15 T (magnets), a doping level of 10 wt% SiC, a sintering
temperature of 650 ◦ C, and cooling for 0 or 25 h will result in the best Jc (Ba )
performance.
To conclude, the properties of SiC-doped MgB2 superconductors have been
optimized. The results observed suggest that this type of superconductor can be
eﬀectively used in a wide range of temperatures and ﬁelds, as required for practical
applications.

Chapter 5
Mechanism of electromagnetic
property enhancement in MgB2
by nano SiC-doping
5.1

Introduction

Generally, chemical doping of MgB2 material by C or C-based dopants results
in enhancement of the critical current density (Jc ), the irreversibility ﬁeld (Birr ),
and the upper critical ﬁeld (Bc2 ). As has been discussed in previous chapters,
this enhancement is due to C substitution for boron in the MgB2 crystal lattice,
which increases electron scattering and, hence, enhances Bc2 (T ) values. On the
other hand, crystal lattice defects caused by this substitution and the formation
of impurities, as well as a larger number of grain boundaries are responsible for
stronger ﬂux pinning and, therefore, high Jc (Ba ) performance. However, among
all the nano C or C-based compounds studied, the most signiﬁcant enhancement
of electromagnetic properties has been achieved by doping with SiC. In spite of
intensive studies of SiC-doped MgB2 superconductors over the last 4 years, the
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mechanism explaining why SiC doping is special remains unclear.
Furthermore, several tens of diﬀerent dopants in MgB2 have been studied thus
far (Sect. 2.4.1). The results are widely variable from case to case, and some are
not reproducible [278]. The question is whether there is any common ground on
the eﬀect of many such dopants.
To ﬁnd the answer to these questions, a comparative study on the structural
and superconducting properties of pure, C, and SiC-doped MgB2 wires was performed. The results observed allowed us i) to explain the mechanism of SiC doping,
resulting in superior improvement of superconducting properties of MgB2 compared to other C and C-based dopants, and ii) to predict desirable dopants for
further enhancing the properties of MgB2 .

5.2

Samples and experimental techniques

MgB2 wires were prepared by an in-situ reaction method and the standard powderin-tube technique. Powders of magnesium (Mg, 99%) and amorphous boron (B,
99%) were well mixed for fabrication of pure MgB2 wire. For processing SiC-doped
MgB2 wire, a mixture of Mg:2B with SiC nano particle powder (size 20 to 30 nm),
with the atomic ratio of MgB2 plus 10 wt% of SiC addition, was prepared. These
composite wires were sintered in a tube furnace at 600 ◦ C to 1000 ◦ C for 30 min
in argon atmosphere, and ﬁnally furnace cooled to room temperature. The same
procedure was used for preparation of nano C-doped MgB2 wires with the nominal
stoichiometric ratio of MgB1.9 C0.1 .
Methods for sample investigation included XRD analysis, ac susceptibility, and
transport critical current density measurements. Moreover, the speciﬁc heat of the
undoped and SiC-doped samples was measured at the University of Switzerland
using a home-made calorimeter from 2 to 45 K at zero ﬁeld and at 14 T, utilizing
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a long relaxation technique [283].

5.3

Lattice parameters, crystallinity and critical
temperature

Fig. 5.1(a) shows the a-lattice parameter for MgB2 and MgB2−x Cx compounds. As
can be seen, with increasing sintering temperature the a-parameter remains almost
constant for pure MgB2 , while it is reduced for MgB2−x Cx samples. There is a clear
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Figure 5.1: The a-lattice parameter, critical temperature (Tc ), and actual C
substitution level, x, in samples investigated versus sintering temperature.

5.3. Lattice parameters, crystallinity and critical temperature

94

diﬀerence in the behaviour of the a-parameter caused by SiC and C dopings with
increasing temperature. For SiC-doped samples, the a-lattice parameter shows
a large drop at low sintering temperatures and is slowly reduced further with
increasing temperature. In contrast, in the C doped MgB2 samples decreases in
the a-parameter became more pronounced with gradually increasing processing
temperature.
As discussed before, a reduction in the a-lattice parameter indicates partial C
substitution on B sites in the MgB2 crystal lattice. The actual level of C (x in
Mg(B1−x Cx )2 ) was plotted as a function of processing temperature in Fig. 5.1(b).
Consistent with the reduction in the a-parameter, x increases with increasing
sintering temperature for both the SiC- and C-doped samples. However, it is
evident that the level of C substitution that can be easily achieved by SiC doping
with sintering at 650 ◦ C requires sintering temperatures up to 900 - 1000 ◦ C for
C-doped MgB2 . Thus, the unique feature of nano SiC doping is the high reactivity
of SiC, allowing it to achieve relatively high C substitution levels at low fabrication
temperature.
Table 5.1: Comparison of FWHM of the (110) peak for undoped, SiC-doped and
C-doped MgB2 sintered at diﬀerent temperatures.
Doping
Undoped

SiC

C

Sintering temperature (◦ C)
650
825
1000
650
825
1000
650
825
1000

FWHM (110) (◦ )
0.448
0.425
0.326
0.550
0.532
0.410
0.505
0.499
0.437

Table 5.1 lists the XRD full width at half maximum (FWHM) of the (110)
MgB2 peak for pure, SiC-, and C-doped samples sintered at diﬀerent temperatures.
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The low temperature processed samples and doped samples have larger values of
the FWHM, indicating smaller grains and imperfect crystallinity.
The Tc values for MgB2 and MgB 2- x Cx samples as a function of processing
temperature are presented in Fig. 5.1(c). While Tc linearly increases with increasing sintering temperature for pure and SiC-doped MgB2 samples due to the
improvement in crystallinity (Sect. 4.2.3), for C-doped samples, in spite of the improvement in crystallinity (lower FWHM values, Table 5.1), the Tc values decrease
notably with increasing sintering temperature as a result of a rapid increase in the
level of C substitution.

5.4
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Distribution of critical temperature
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The XRD data indicate that the average C substitution for B in the SiC-doped
MgB2 is about 2 at% of B (Fig. 5.1(b)). However, Electron Energy-Loss Spectroscopy (EELS) analysis [185] detected some MgB 2 crystals without any C peak
(Fig. 5.2(a)). This localized C content fluctuation will lead to a fluctuation in Tc
within the sample.
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The superconducting contribution to the speciﬁc heat ΔCe /T = [Ce (H =
0) − Ce (14 T )]/T as a function of temperature was obtained for the undoped, and
the C- and SiC-doped samples [197]. The superconducting transition was analyzed
by means of a particular deconvolution method [286] in order to determine the
Tc distribution in the sample volume. The results of the critical temperature
distributions for the three samples studied are presented in Fig. 5.2(b). The half
height width of the distributions, ΔT , are 1.9 K, 1.6 K, and 2.9 K for pure, C-doped
and SiC-doped MgB2 samples, respectively [197]. As can be seen, the SiC-doped
sample showed a broader Tc distribution than the undoped one, while ΔT and Tc
distributions for the MgB2 and MgB1.9 C0.1 are comparable. The results observed
may indicate that the SiC addition leads to more inhomogeneous distribution of
C and Tc within the sample, resulting in a higher level of disorder in this sample,
compared to the sample with C-doping.

5.5

The dual reaction mechanism

From the results obtained, a mechanism to explain why nano SiC doping is so special compared to doping with all other C containing compounds can be proposed.
SiC is a highly stable compound, however, at the nano scale, which provides
a large surface area for the reaction, it becomes highly reactive. The nano SiC
reacts with Mg at a temperature as low as 600 ◦ C [186; 200], which releases highly
reactive, free C on the atomic scale, as can be described by the reaction:

SiC + 2M g = M g2 Si + C

(5.1)

Coincidentally, the formation reaction of MgB2 from Mg and B starts at temperature ≥ 600 ◦ C. Because the free and highly reactive C is available, the C can
be easily incorporated into the lattice of MgB2 and substitute into B sites via the
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reaction
M g + (2 − x)B + xC = M gB2−x Cx

(5.2)

This dual reaction mechanism can be well demonstrated by the reduction in
the a-axis parameter, the decrease in Tc (Fig. 5.1), and the occurrence of Mg2 Si
for a sintering temperature of 650 ◦ C (Sect. 4.2.2). Because of the dual reactions
taking place simultaneously at the same temperature, the by-products, such as
Mg2 Si and excess C, can be embedded within the MgB2 grains as nano inclusions,
generating a high density of crystal lattice (or “secondary”) defects (dislocations,
stacking faults, etc). Partial substitution of C for B as a result of nano SiC doping
induces both a high level of inhomogeneity in the sample and the formation of
a network of “secondary” defects. At the same time, C substitution causes a
reduction in the grain size, as evidenced by the increase in the FWHM (Table 5.1)
and, hence, results in a large number of grain boundaries. All these changes in the
microstructure strengthen the pinning force and result in superior improvement of
critical current density in SiC-doped MgB2 samples, as will be discussed below.
In contrast, nano C doping provides carbon in a passivated state, so the surface
of these particles is likely to be contaminated (by oxide, for instance). This reduce
the reactivity of nano C particles and requires higher sintering temperatures for
the reaction between the host powders and the dopant. In this case, the ﬁnal
microstructure has large grains (lesser number of grain boundaries), which result
in reduction in the number of pinning centers and lead to lower Jc performance in
C-doped MgB2 samples when compared to samples with SiC doping.

5.6

Critical current density and pinning

Transport in-ﬁeld Jc (Ba ) performance for undoped and for SiC and C-doped samples is presented in Fig. 5.3. As can be seen, the Jc values for the SiC-doped
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samples are signiﬁcantly higher than those for the undoped samples at both sintering temperatures (650 and 1000 ◦ C). For example, the Jc for the SiC-doped wire
at 4.2 K and 12 T is higher than that of the undoped wire by 1 order of magnitude
when both are sintered at 650 ◦ C, while the Jc for the doped wire is 40 times that
of the undoped wire when sintered at 1000 ◦ C.
In addition, the SiC-doped sample sintered at 650 ◦ C shows a clearly better
Jc than that sintered at 1000 ◦ C. The Jc (Ba ) for C-doped MgB2 wire, however,
showed an opposite trend with sintering temperature. That is, the higher sintering temperature (950 ◦ C) leads to stronger improvement in Jc , compared to the
lower sintering temperature (Fig. 5.3). However, the best Jc (Ba ) performances is
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Figure 5.3: In-ﬁeld Jc performance for pure, SiC- and C- doped MgB2 processed
at low (650 and 700 ◦ C) and high (950 and 1000 ◦ C) temperatures.

The observed highest Jc values for SiC and C-doped MgB2 samples can be
explained in terms of the maximal density of pinning centers achieved in these
samples at optimal sintering temperatures:
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For the SiC-doped MgB2 sample sintered at low temperature (650 ◦ C) the
pinning sources include: i) large number of grain boundaries; ii) great amount of
crystal lattice defects caused by C substitution on B sites in the MgB2 lattice and
boosted by numerous impurities formed inside MgB2 grains during formation of
MgB2−x Cx superconductor during the dual reaction described above; and iii) high
level of disorder and inhomogeneity, which may result in changes in the superconducting order parameter due to, for instance, variation of Tc values within the
sample.
For the C-doped MgB2 sample, however, a higher sintering temperature (950 ◦ C)
is required, which i) assures incorporation of a high level of C into the lattice, leading to the formation of a large number of “secondary” defects; but ii) results in
formation of a microstructure with large grains and a smaller number of grain
boundaries.
It should be mentioned here that enhancement of Jc (Ba ) performance for both
SiC and C-doped samples is also aﬀected by the higher values of Bc2 in these
samples. As has been discussed in Sect. 2.4.2, C substitution on B sites in the
MgB2 crystal lattice results in increased electron scattering. This, together with
high inhomogeneity and a large number of impurities, results in Bc2 (T ) values
which are higher for the SiC-doped sample, when compared to sample with C
doping. The question was raised in Sect. 2.4.2, as to whether enhancement of
Jc (Ba ) performance is mainly caused by a higher upper critical ﬁeld or by stronger
pinning. Although at this stage no certain answer can be oﬀered to this question,
it is clear that crystal lattice defects caused by C substitution for B, a large number
of grain boundaries and a high level of inhomogeneity favor enhancement of both
factors - pinning and upper critical ﬁeld. That is why the MgB2 sample with
SiC addition having the highest Bc2 (T ) values and density of pinning sites shows
superior Jc (Ba ) performance, when compared to samples with nano C doping.

5.7. Classiﬁcation of doping materials
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Classiﬁcation of doping materials

According to the dual reaction model [200] we can evaluate and classify a broad
range of dopants into the following sequence in terms of beneﬁts to Jc , Birr , and
Bc2 :
The ﬁrst group includes dopants such as SiC and carbohydrates [164; 165],
which can have a reaction and C substitution at the same temperature as MgB2
formation (see Chapter 6).
The second group those such as nano C [165], CNTs [285], and B4 C [54; 206;
207], which can have a reaction and C substitution at temperatures higher than
that for MgB2 formation.
The third group those such as Si [287] and a number of silicides [284], which can
react at the same temperature as MgB2 formation, but without C substitution.
The fourth group those such as BN, MgO [200], etc., which have no reaction
and no substitution. This group has little positive, if not negative, eﬀect on Jc ,
Birr , and Bc2 , even at the nano scale.

5.8

Conclusion

To conclude, a systematic study on the eﬀects of sintering temperature on the
lattice parameters, C content, and electromagnetic properties allows us to demonstrate a uniﬁed mechanism, according to which, the optimal doping eﬀect can be
achieved when the C substitution and MgB2 formation take place at the same
time at low temperature. The C substitution is responsible for the enhancement
in both Bc2 and ﬂux pinning. C substitution for B induces both disorder in lattice
sites and higher Bc2 values, while C substitution together with low-temperature
processing results in reduction in grain size, ﬂuctuation in Tc , and embedded inclusions which form extra defects - all of which contribute to enhancement of ﬂux
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pinning and critical current density. SiC doping takes advantage of both C substitution and low-temperature processing. An understanding of the dual reaction
model has led to the discovery of the advantages of carbohydrate doping in MgB2 ,
resulting in a signiﬁcant enhancement in Jc , Birr , and Bc2 [164]. The model has
signiﬁcant ramiﬁcations with respect to the fabrication of other carbon containing
compounds and composites.

Chapter 6
Liquid mixing approach to
chemical doping
6.1

Introduction

As discussed above, chemical doping is easy and a relatively cheap and eﬀective
approach for enhancement of MgB2 superconducting properties. The high values
of Jc (Ba ), Birr (T ) and Bc2 (T ) of MgB2 superconductor achieved by nano SiC
and C doping are bright examples of this technique. There are, however, some
unavoidable obstacles which reduce the eﬀectiveness of this method.
First of all, it is extremely diﬃcult to homogeneously distribute a small amount
of nano-dopant among matrix elements. This is because any dry mixing (no matter
how it is performed - by hand mixing, ball milling, or ultrasonic dispersion) results
in the formation of large particle agglomerates [164]. This unavoidably results
in inhomogeneity of the ﬁnal MgB2 material, which is not desirable from the
applications point of view.
Second, nano particles used for chemical doping always have a wide distribution
of particle size. While small particles have better reactivity with matrix elements,
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large particles have poor reactivity and remain unreacted in the system. This was
demonstrated on the samples with nano-SiC doping above. Unreacted dopants are
less desirable, because they result in reduction of superconducting volume and
degrade the current ﬂowing through the superconductor.
Third, the vast majority of the nano dopants employed have been introduced
into the MgB2 matrix in passivated state. In this case, the surface of the nano
particles is contaminated (by oxide compounds, for example), which degrades their
reactivity and, hence, doping eﬀectiveness. That is why for various forms of nano
C doping, C substitution for B cannot be achieved at the same temperature as
MgB2 formation and requires a much higher sintering temperature.
The dual reaction model described in the previous chapter demands the release
of fresh unpassivated carbon. Therefore, in our group we have developed a new
advanced and, at the same time, simpliﬁed liquid mixing approach [164] for the
fabrication of C-doped MgB2 superconductors. This approach results in extremely
homogeneous mixing of raw components and enables enhanced performance of the
ﬁnal MgB2−x Cx superconductors.
We have dissolved sugar [164] and then other carbohydrates, such as malic
acid [165], in an appropriate solvent (water and toluene, respectively) and mixed
it with boron powder. A reasonable assertion has been made that each boron
particle has been coated with a nano-layer of carbon after the mixture has been
dried. However, no evidence has been provided. Hence, one of the purpose of this
work was to clarify the appearance of the carbon nano-layer on the surface of the
boron particles.
In addition, the idea behind the liquid mixing approach can be extended to
a wide group of polymer dopants. In this work, one of these materials, polycarbosilane, has been studied. Polycarbosilane (C2 H6 Si, or PCS later in the text) is
a polymer analogous to SiC [289] and can be expected to combine the beneﬁts of
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the liquid mixing of carbohydrates [164; 165] and the co-doping of C and Si, as in
nano SiC doping [102; 185; 288].

6.2

Experimental details

Pure and doped MgB2 bulk samples have been prepared using our new liquid
mixing approach [164; 165]. To enable a comparative analysis, three dopants:
sugar (C6 H12 O6 ), malic acid (C4 H6 O5 ) and polycarbosilane (C2 H6 Si) have been
added at the level of 10 wt%. Sugar was dissolved in water; malic acid and
PCS were dissolved in toluene (C7 H8 ). An appropriate amount of B powder was
added to each dopant in the solvent and well mixed with a mortar and pestle
by hand. After the liquid mixing stage, the wet slurry of boron, dopant, and
solvent was dried in a vacuum chamber at a slightly elevated temperature (200 ◦ C)
overnight to remove the remaining solvent and moisture. After drying, the powders
were ground, mixed with Mg powder, and ground again. The Mg+2B+dopant
mixture was pressed in stainless steel tubes and encapsulated with Fe plugs using
a hydraulic press for formation of MgB2 samples in a pellet form. Pressed samples
were heated at the rate of 5 ◦ C/min and sintered at 700 ◦ C for 30 min, followed
by furnace cooling to room temperature.
Particles of boron powder after liquid mixing were examined with a transmission electron microscope (TEM) and energy dispersive x-ray spectroscopy (EDS).
TEM observation was performed on crystalline boron nano-wires to demonstrate
the diﬀerence between the surfaces of the crystalline boron and amorphous carbon
layers. The lattice parameters of MgB2−x Cx samples were estimated via Rietveld
reﬁnement of X-ray diﬀraction (XRD) patterns. The Jc (Ba ) curves were derived
from the height of magnetization loops measured on a Physical Property Measurement System (PPMS, Quantum Design) in ﬁelds of up to 8 T, using the critical
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state model.

6.3

Observation of carbon nano-layer on the surface of crystalline boron nano-wires

First, the TEM examination of the surface of the reference (as obtained from a
supplier) crystalline boron nano-wires (Fig. 6.1(a)) was performed. The lattice
fringes that appear and frame the edge of the studied sample were observed. The
edge of the sample appears to be even and clean from any contamination. It should
be noted that we performed this TEM study with diﬀerent times of exposure
(long and short) and near the carbon supporting ﬁlm (marked by an arrow on
Fig. 6.1(a)). This was to exclude the possibility of any C-contamination, which
may occur, for instance, inside the TEM column due to residues of the pump oil,
or atoms released from C-supporting ﬁlm under its exposure to the high intensity
electron beam, or any other sources. However, according to Fig. 6.1(a), the edge
of the crystalline boron nano-wire can be clearly distinguished, and it is free from
any possible contamination.
Next, TEM observation of the (boron+sugar) slurry dried after liquid mixing of
these elements in distilled water was carried out. It revealed the appearance of an
amorphous layer at the edge of the crystalline B-particles (Fig. 6.1(b)), which has
been analyzed with help of EDS. The diameter of the two circles (∼ 25 nm) shown
in Fig. 6.1(b) is equal to the spot size of the EDS x-ray beam. The spectrum from
Region 1 indicated by the black dotted circle in Fig. 6.1(c) reveals a high amount of
carbon (at ∼ 0.29 keV), whereas the spectrum in Fig. 6.1(d) indicates that boron
at ∼ 0.18 keV is dominant in Region 2. Due to the low count rate generated by
the small areas, it was diﬃcult to precisely evaluate the concentration of B and C
elements in these regions. However, the TEM observations supported by the EDS
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Figure 6.1: TEM images of crystalline boron nano-wires: (a) as received; (b,
e) coated by an amorphous carbon nano-layer. EDS spectra from
regions 1 (c) and 2 (d) in (b).

spectra unambiguously indicate the formation of a C nano-layer, which coats the
B-particles after liquid mixing.
Similar experiments have been carried out with malic acid and polycarbosilane
(PCS) dopants. The TEM images obtained for these dopants are very similar
to that shown in Fig. 6.1. In contrast, for polycarbosilane doped samples the B
particles are coated by the mixture of amorphous carbon and silicon, as conﬁrmed
by EDS analysis. Additionally, we should point out that PCS doping does not

6.4. Enhanced substitution of C for B in the MgB2 lattice

107

contain either water or oxygen, and, similar to malic doping, it can be dissolved
in toluene (C7 H8 ) instead of the water used for sugar doping.
Generally, the thickness of the coating layer on boron particles is not uniform
(Fig. 6.1(e)). However, this conﬁguration oﬀers the maximum surface and clean
interfaces for the reaction between the doping elements in the layer and the boron,
when compared to the dry-mixing of nano powders. Importantly, the decomposition temperature for the carbohydrates (sugar and malic acid) is < 200 ◦ C
[164; 165], and for polycarbosilane it is ∼ 470 ◦ C [210], which is below the formation temperature of MgB2 . Therefore, the carbon coating appears in a highly
reactive (unpassivated) form when the MgB2 formation reaction starts at 650 ◦ C.
This situation enables the necessary sequence for the reaction: ﬁrst, the formation of the unpassivated C-coating, and, second, the formation of MgB2 at higher
temperature.

6.4

Enhanced substitution of C for B in the MgB2
lattice

This well developed liquid mixing approach promotes the enhanced incorporation
of C on B sites in the MgB2 lattice during the sintering. This can be demonstrated
by the level of C substitution (x in Mg(B1−x Cx )2 ) (Fig. 6.2), which has been
calculated from the change in the a-parameter of the crystal lattice [184].
In the case of liquid mixing, the x-values are notably higher compared to the
dry-mixed samples prepared with carbon [190] and SiC [271] nano dopants. It
should be noted that the sintering temperature for the samples prepared by liquid
mixing can be substantially lower (700 ◦ C) than for the “optimal” MgB2 sintering
with carbon (900 ◦ C) and SiC (825 ◦ C) dopants, which is another sign that C
substitution has been promoted.
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Figure 6.2: Level of C-substitution (x) for B in the MgB2 crystal lattice.

6.5

Enhanced critical current density and pinning

The liquid mixing ultimately results in the signiﬁcant enhancement of the Jc (Ba )
performance for all the dopants studied (Fig. 6.3), which is consistent with our
previous results [164; 165].
The improvement of Jc (Ba ) performance is due to appearance of eﬀective pinning sources in the doped samples. The commonly identiﬁed pinning types induced by doping are “secondary” crystal lattice defects produced by C-substitution
(stacking faults and dislocations, nano-domains) and nano scale impurities (MgO
in samples with carbohydrate doping; Mg2 Si in PCS doped samples).
Additionally, one should note the dramatic enhancement of Jc caused by PCS
doping when compared to carbohydrate doping. This is likely to be because i)
carbohydrates (similar to C-based dopants) require higher processing temperatures than was used in this experiment; and/or ii) introduction of a higher
level of MgO with carbohydrate addition. Carbohydrates contain some oxygen
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Figure 6.3: Enhanced Jc (Ba ) performance of MgB2 samples with 10 wt% addition
of malic acid, PCS and sugar doping materials prepared by the liquid
mixing approach.

in their structure. Although oxygen may evaporate during carbohydrate decomposition at a temperature of 200 ◦ C, XRD examination (see Chapters 7, 9) revealed larger amount of MgO phase in both sugar and malic doped samples compared to pure MgB2 . On the contrary, PCS dopant does not include oxygen in
its structure. Hence, this sample has a rather moderate amount of MgO inclusions, similar to those in the pure MgB2 sample. As discussed in Chapter 4, the
non-superconducting (MgO) impurities can signiﬁcantly degrade the current ﬂow
through the sample. The higher amount of MgO impurities in carbohydrate-doped
samples is likely responsible for the lower Jc (Ba ) values observed in these samples
when compared to PCS doping.

6.6. Conclusion
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Conclusion

A new advanced and simpliﬁed approach to chemical doping, called liquid mixing,
has been introduced in this chapter. This approach results in coating of boron
powder particles by a nano-layer of carbon, the existence of which has been conﬁrmed by TEM examination. The well-developed liquid mixing technique has
several advantages over conventional chemical nano doping. It ensures i) perfectly
homogeneous mixing of fresh, unpassivated dopant with the host materials; and ii)
maximum reaction surface between the dopant and the matrix components (Mg
and B), as well as iii) ruling out the necessity for nano scale additives. As a result,
liquid mixing promotes a higher level of C-substitution into the MgB2 crystal lattice, which generates a denser network of defects, and results in stronger pinning
and higher Jc at high ﬁelds.
In addition, it has been demonstrated that the liquid mixing technique can
be employed with a wide range of dopants, which include diﬀerent polymer compounds, such as polycarbosilane (C2 H6 Si). For the latter, not only the introduction
of eﬀective pinning sites inside the MgB2 grains, but also the moderate amount
of MgO content resulted in even more dramatic Jc (Ba ) enhancement than was
observed for carbohydrate doping.

Chapter 7
Sugar doping as the promising
carbon source for the enhanced
performance of MgB2
superconductor at high magnetic
ﬁelds
7.1

Introduction

Recently the authors’ group has reported the eﬀect of sugar doping on superconductivity in MgB2 compound [164]. Sugar (C6 H12 O6 ) has been used as a source
of highly reactive carbon released after C6 H12 O6 decomposition at a temperature
of 200 ◦ C. Unpassivated C is easily incorporated into the lattice during MgB2 formation (at T ≥ 650 ◦ C). It has also been shown that sugar doping results in the
signiﬁcant enhancement of critical current in MgB2 (with Jc of 108 A/m2 at 5 K
and 8 T) [164], which is comparable with the Jc (Ba ) performance of SiC-doped
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MgB2 samples [102; 185].
It is clear that sugar (as well as other carbohydrates) can be used as a cheap and
eﬃcient source for C doping in the MgB2 system, which increases the potential
of MgB2 superconductor for practical applications. Therefore, it is crucial to
further investigate the properties of sugar-doped MgB2 material to understand
its beneﬁts over the well established nano C (or C-containing) doping of MgB2
superconductors.
In this Chapter, an extended study of the electromagnetic properties, the upper critical and irreversibility ﬁelds, and the transport current characteristics are
presented for this promising doping material.

7.2

Samples and experimental techniques

Pure and doped MgB2 bulk samples have been prepared using host powders of Mg
(99%) and amorphous B (99% purity). The 10 wt% sugar (C6 H12 O6 ) doped sample
was prepared using the liquid mixing approach described in Chapter 6. Well mixed
powders were pressed into pellets, encapsulated in Fe tubes and subjected to a heat
treatment procedure having the following parameters: a heating rate of 5 ◦ C/min;
a sintering temperature of 700 or 900 ◦ C with duration of 30 min; and cooling to
room temperature in the furnace. A description of the bulk samples is presented
in Table 7.1. Later in the text the bulk samples prepared at 700 or 900 ◦ C are
designated as MB-700 or MB-900 for pure and SR-700 or SR-900 for sugar-doped
MgB2 , respectively.
To investigate the potential of sugar-doped MgB2 superconductor for practical
applications, samples in the form of Fe-sheathed wires with an outer diameter of
1 mm were fabricated. The diameter of superconducting core was about 0.7 mm.
The synthesis of short samples was performed at temperature of 870 ◦ C for 30 min.
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Table 7.1: Bulk samples studied and their designation.
Sample
Sintering proﬁle, Designation
◦
C× min
MgB2
700 × 30
MB-700
MgB2 +10 wt% Sugar
700 × 30
SR-700
900 × 30
MB-900
MgB2
900 × 30
SR-900
MgB2 +10 wt% Sugar

A lower sintering temperature was chosen for the wire samples compared to the
bulk samples in order to avoid the reaction between Fe and MgB2 that has been
reported for wire samples subjected to temperatures ≥ 900 ◦ C [219].
The crystal structure and microstructure of samples were investigated with
help of X-ray diﬀraction (XRD), Scanning Electron Microscope (SEM), Transmission Electron Microscope (TEM). The superconducting properties were observed
employing techniques for measurement of the magnetic and transport critical current densities, and resistivity vs. temperature curves. To measure the resistivity
of wire samples, the contacts were attached directly to the Fe-sheath.

7.3

Phase and crystal structure analysis. Tc values

Rietveld reﬁnement analysis performed on the XRD patterns reveal a high level of
MgO phase co-existing with MgB2 phase in the sugar-doped samples. The volume
of MgO phase is (18.5 ± 0.5) wt%, which is about 2.5 times higher than the
content of MgO in the pure samples (Table 7.2). The higher level of MgO in the
sugar-doped samples is due to presence of water in the sugar (C6 H12 O6 ) compound.
Doping with sugar resulted in reduction of the a-lattice parameter (Δa), which
is associated with partial carbon substitution in B sites in the MgB2 crystal lattice [184]. Increasing the sintering temperature results in greater a contraction
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Table 7.2: Some properties of bulk samples.
Sample
MB-700
SR-700
MB-900
SR-900

MgO
content, wt %
8
18
7
19

Tc ,
K
37.6
34.0
38.0
33.2

Δa,
Å
0.01
0.02

ρ40K ,
μΩ cm
40
193
35
151

ρ300K ,
μΩ cm
86
295
74
213

Porosity, %
15
42
17
36

Bc2
(5 K), T
21
30
17
36

Birr
(5 K), T
16.3
24.5
14.5
27.0

(Table 7.2). The higher the Δa-value, the higher the level of carbon that has been
introduced into the lattice.
Critical temperature (Tc ) values of the studied samples are presented in Table 7.2. As can be seen, the Tc of the pure sample increases from 37.6 K to 38.0 K
as the sintering temperature increases from 700 to 900 ◦ C. This behaviour is believed to be due to improved crystallinity in pure samples subjected to higher
temperature [98]. In carbon-doped samples the opposite trend has usually been
observed (see for example Refs. [54; 187; 200; 260; 290]). Increasing the sintering
temperature results in degradation of Tc from 34.0 K to 33.2 K for sugar-doped
samples sintered at 700 ◦ C and 900 ◦ C, respectively (Table 7.2). The observed decrease in Tc with increasing sintering temperature is consistent with more carbon
being incorporated into the structure [54].

7.4

Micro- and nanostructure investigation

The microstructure in SEM images of pure and sugar-doped samples is quite similar. Hence, the typical microstructure of doped samples subjected to high and
low sintering temperatures is presented in Fig. 7.1. Sintering of samples at 700 ◦ C
results in a microstructure with small loosely connected grains (Fig. 7.1(a)), while
increasing the sintering temperature (up to 900 ◦ C) yields larger and better consolidated grains (Fig. 7.1(b)). On the other hand, the grain boundary density
is inversely proportional to the grain size. Therefore, samples sintered at lower
temperature are characterized by a higher density of grain boundaries, compared
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(b)

Figure 7.1: Typical SEM microstructure for sugar-doped samples synthesized at
700 ◦ C (a) and 900 ◦ C (b).

to samples sintered at high temperature.
TEM investigation of the MB-700 and SR-900 samples helped to reveal more
information on the grain size and nano structure of the samples studied (Fig. 7.2).
It can be seen that the grain size varies within each sample. The microstructure
of both samples consists of small grains (from 10 to 50 nm, marked as continuous
arrows), which have a round shape, and bigger grains elongated in one direction
(shown by broken arrows). The elongated grains have sizes up to 50 nm×400 nm
in the pure (Fig. 7.2(a, b)) and 100 nm×600 nm in the sugar-doped samples
(Fig. 7.2(c, d)). On the nano scale, obvious crystal lattice defects, such as dislocations and stacking faults (Fig. 7.2(e) and circled areas in Fig. 7.2(d)) have been
observed in both samples, which is consistent with the reports of other groups
[124; 135; 137; 291]. However, incorporation of C into the lattice and the appearance of larger number of inclusions (C and/or MgO, similar to ones shown
in Fig. 7.2(b)) within MgB2 grains result in the formation of a denser network of
crystal lattice defects. Since the number of inclusions is similar in both the 10 wt%
sugar-doped samples investigated (Table 7.2), the number of defects is rising with
the higher level of carbon introduced into the lattice. Hence, a higher density of
defects is expected in the SR-900 sample, which has higher level of C-substitution,
as indicated by the large a-lattice parameter contraction (Table 7.2).
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(a)

(b)

200 nm

100 nm

(c)

(d)

200 nm

100 nm

(e)

Dislocations
Stacking
faults

25 nm

Figure 7.2: TEM nano structure investigation of the pure MgB2 sample sintered
at 700 ◦ C (a, b), the 10 wt% sugar-doped sample sintered at 900 ◦ C
(c, d); and typical crystal lattice defects in carbon-doped MgB2 (e).
The samples are characterized by two sorts of grains: round grains
(10 to 50 nm in size), indicated by continuous arrows, and bigger,
elongated grains, indicated by broken arrows. The circled areas in
(d) contain stacking faults.

7.5

Electromagnetic properties

Resistivity values at 40 K and 300 K for the studied samples are presented in
Table 7.2. According to Ref. [150], the resistivity of samples depends on sev-
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eral parameters, such as (i) porosity, (ii) grain connectivity, (iii) inclusions/defects
within the grains, and (iv) alloying [54]. Sugar-doped samples have higher resistivity values compared to pure samples. This is due to increased electron scattering
on the higher level of porosity, the denser network of crystal lattice defects, and the
impurities observed in sugar-doped samples (Table 7.2). Increasing the sintering
temperature results in improved connectivity between grains (Fig. 7.1), and, therefore, decreased ρ40K and ρ300K values for both pure and doped samples (Table 7.2).
In addition, the porosity of sugar-doped samples sintered at higher temperature
was reduced, while for pure sample it slightly increased (Table 7.2). (The changes
in porosity level may be related to stronger evaporation of Mg or gases from sugar
doping and/or microstructure settlement at higher sintering temperature.) Although electron scattering on the denser microstructure has been reduced within
the samples, the increased number of crystal lattice defects in the SR-900 sample
still signiﬁcantly scatter electrons during current ﬂow. This, together with the
resistivity increase due to alloying with C (iv), results in higher ρ40K and ρ300K
values in the SR-900 sample compared to the MB-900 sample (Table 7.2).
Bc2 (t) and Birr (t) (where t is reduced temperature, t = T /Tc ) have been obtained from the ρ(Ba , T ) curves using the criteria of Bc2 (t) = 0.9 × ρ(Ba , T ) and
Birr (t) = 0.1 × ρ(Ba , T ), respectively. The doping of MgB2 with sugar (C6 H12 O6 )
results in increased Bc2 and Birr ﬁelds (Fig. 7.3). The observed enhancement of
Bc2 in sugar-doped samples is due to C incorporation into the MgB2 crystal lattice, which aﬀects the scattering mechanism in the two-band MgB2 superconductor
[55]. A higher level of C substitution in the sugar-doped sample sintered at 900 ◦ C
results in a more signiﬁcant enhancement of upper critical ﬁeld in this sample,
when compared with the sample sintered at 700 ◦ C.
On the other hand, in pure samples, the opposite trends for Bc2 (t) and Birr (t)
performance and for sintering temperature have been observed. The sample sin-
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Figure 7.3: Upper critical (a) and irreversibility ﬁeld curves (b) for pure and
sugar-doped samples prepared at 700 ◦ C and 900 ◦ C.
tered at lower temperature (MB-700) exhibits better Bc2 (t) and Birr (t) performance than the sample prepared at higher temperature (MB-900). This is because
scattering in pure MgB2 samples is mainly governed by grain boundaries and crystal disorder, which are higher in samples sintered at lower temperatures than in
samples subjected to higher sintering temperature [98].
For dirty-limit MgB2 superconductor, the Bc2 (t) curve shows an upward curvature at T ≈ Tc and markedly increases at low temperatures [55]. Analysis of
Bc2 (t) curves measured down to low temperatures [54; 187] suggests that there is
an almost linear dependence of Bc2 on T in the temperature interval from 5 to
20 K. We have extended our Bc2 (t) and Birr (t) curves (Fig. 7.3) by linear extrapolation and estimated the Bc2 and Birr values at the temperature of 5 K (Table 7.2).
The extremely high Bc2 value of 36 T was obtained for the sugar-doped sample
sintered at 900 ◦ C. For comparison, a Bc2 (5 K) value of 32 T has been measured
for a nano C-doped sample [290], and a Bc2 (5 K) of 30 T has been obtained for
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Figure 7.4: Magnetic Jc (Ba ) performance for the pure and sugar-doped samples
investigated.

MgB2−x Cx wire segments [54], double-wall carbon nanotubes [187], and a nano
SiC-doped sample [292].
The high Bc2 values have likely been achieved in sugar-doped samples as a
result of the new liquid mixing technique employed [164]. This technique ensures
(i) highly homogeneous distribution of dopant, (ii) maximum reaction surface between carbon and boron and (iii) unpassivated carbon, which is much more easily
introduced into the MgB2 lattice. All of these result in a higher level of carbon
substitution and, hence, increased Bc2 in sugar-doped samples.
The magnetic critical current density has been measured for the bulk samples,
and the corresponding Jc (Ba ) curves are presented in Fig. 7.4. Similar to our
earlier results [164], Jc (Ba ) performance in sugar-doped samples is considerably
higher compared to a pure sample at high applied magnetic ﬁelds (SR-700 sample).
Moreover, increasing the sintering temperature of sugar doped samples results in
further enhancement of Jc (Ba ) in the high ﬁeld region (SR-900 sample). This is
achieved due to both higher Bc2 values (discussed above) and enhanced pinning
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in sugar-doped samples.

7.6

Pinning mechanism

Since the coherence length is inversely proportional to Bc2 (Eq. (1.7)), increasing
the upper critical ﬁeld in the studied samples reﬂexes the decrease of the ξ value.
In the pure samples, Bc2 values are low (Fig. 7.3(a)), and the coherence length is
rather large (ξ(5 K) = 3.8 and 4.2 nm for MB-700 and MB-900, respectively). The
sugar-doped samples have higher Bc2 and, therefore, smaller ξ (ξ(5 K) = 3.1 and
2.8 nm for SR-700 and SR-900, respectively). A smaller coherence length results
in stronger pinning at smaller size defects, which are less eﬀective for samples with
larger ξ.
In order to analyze the pinning mechanisms in the studied samples, the reduced
ﬂux pinning force Fp /Fpmax at 20 K has been plotted as a function of the reduced
ﬁeld b = Ba /Birr (Fig. 7.5(a)). In this work, the values of Birr at 20 K have
been obtained from the criteria of Jc = 106 A/m2 (Fig. 7.4). We used DewHughes model (section 2.3.3) to analyze the pinning mechanism in studied pure
and sugar-doped samples.
Fits to the experimental Fp (b)/Fpmax curves for all the samples investigated are
presented in Fig. 7.5(b-d). For pure MgB2 , ﬁtting curve with parameters of p  1.1
and q  4.2 (dotted line in Fig. 7.5(b)) was obtained. As has been explained before, the explanation for such pinning force behavior is still unclear. However,
we believed that surface pinning type govern the pinning in pure MgB2 . (For
more detailed explanation see section 4.2.4). The ﬁtting parameters p = 0.5,
q

=

2.2 ± 0.2, and bmax

=

0.18 ± 0.01 have been obtained for the

sugar-doped samples at T = 20 K. According to the Dew-Hughes model, these
values correspond to normal core pinning on surface pins, such as grain bound-
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Figure 7.5: Normalized volume pinning force (Fp /Fpmax ) versus reduced magnetic ﬁeld (b = Ba /Birr ) at 20 K for pure and sugar-doped samples
(a); ﬁtting curves for MB-900 (b), SR-700 (c) and SR-900 (d) samples. The arrows in (b-d) show the values of b = bmax at which the
Fp (b)/Fpmax curves reach maximum.
aries, planar dislocations, etc. Note that the pinning force reaches a maximum
at bmax = 0.18 ± 0.01 for all the samples, indicating a similar pinning type
in all of them. It is to be noted here that pinning on point-like defects, such as
non-superconducting inclusions, which might be expected in MgB2 doped samples
[185; 190; 293], is not the case for the samples investigated, because for this type
of pinning the Dew-Hughes model predicts parameters p = 1 and q = 2 [159].
Taking into account the ξ values and the parameters of the Dew-Hughes model,
we can conclude that the main surface pinning sources are (i) grain boundaries in
the pure samples, along with (ii) crystal lattice “secondary” defects in sugar-doped
samples. These “secondary” defects are likely to be dislocations and stacking
faults, which can be clearly observed in Fig. 7.2(d, f), as well as strain ﬁelds in
the crystal lattice around substitution sites with reduced superconducting order
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parameter. Thus, in the sugar-doped samples at 20 K, the pinning on point pins
(which could be non-superconducting C and/or MgO nano-inclusions) is less signiﬁcant. The major role of non-superconducting nano-inclusions in sugar-doped
samples is likely to be boosting the number of “secondary” defects [102; 158].
Increasing the sintering temperature from 700 to 900 ◦ C results in lower Bc2 and
higher ξ in the pure MgB2 , and also is accompanied by substantial grain growth
(or reduction of grain boundary density) (Fig. 7.1). As a result, the transport
Jc (Ba ) performance degrades in the pure MB-900 sample compared with the MB700 sample (Fig. 7.6(a)). In contrast, increasing the sintering temperature for
sugar-doped samples leads to smaller ξ and a denser network of defects, which
further improves pinning in these samples and is reﬂected in further enhancement
of Jc (Ba ) performance (Fig. 7.4, 8.6).

7.7

Transport properties of sugar-doped MgB2
wires

To investigate the properties of sugar doping at higher ﬁelds (Ba > 8 T), samples in wire form have been prepared and compared to pure samples. The results
of transport current measurements performed on pure and sugar-doped Fe/MgB2
wires are presented in Fig. 7.6(a), which are consistent with the magnetic measurements. The sugar-doped wire shows enhanced Jc (Ba ) performance at high ﬁelds
and temperatures of 5 and 20 K. At T = 30 K, the pure sample shows better
performance compared to the sugar-doped sample, due to suppression of superconductivity in the close vicinity of Tc in the doped sample. The high Jc value of
108 A/m2 was reached at 10 T and 5 K. A similar value of critical current density
has been achieved at 10 T and 4.2 K for single-walled carbon nanotubes [204] and
for nano carbon doped wires [190] sintered at higher temperatures (≥ 900 ◦ C).
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The pinning force (Fp ) has been derived using the equation Fp = Jc × Ba and
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Figure 7.6: Transport critical current density (a) and pinning force (b) for pure
and sugar-doped MgB2 wire samples.

the results are presented in Fig. 7.6(b). It is worth noting that Fp values of the
sugar-doped sample are 14 and 4 times higher than Fp of pure samples at 10 T,
5 K and 5 T, 20 K, respectively. This again provides evidence that the large number of small defects (dislocations, stacking faults, etc.) in sugar-doped sample are
an eﬀective pinning source, especially at low temperatures, where the coherence
length is small. At the higher temperature of 30 K, Fp (Ba ) shows the same trend
as Jc (Ba ) performance, being higher for the pure sample than for the sample with
sugar doping.
The irreversibility ﬁeld as a function of temperature for pure and sugar-doped
wire samples is presented in Fig. 7.7. Sugar doping results in higher Birr (T ) values compared to the pure sample at temperatures ≤ 27 K, indicating ﬂux pinning
enhancement in the C-doped sample. The results obtained on a nano C-doped
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Figure 7.7: Irreversibility field as a function of temperature for pure and sugardoped wires, as well as for nano C-doped tape from Ret {293}.

MgB 2 tape sintered at higher (950°C) temperature [293] are also shown for comparison. As can be seen, the Birr (T) curves for the sugar and nano C-doped
samples coincide.
It is remarkable that the Jc(Ba) and Birr(T) performances of sugar-doped wire

sintered at 870°C are similar to those for nano C-doped tapes/wires prepared
at the higher sintering temperature of 900 - 950°C. This indicates that sugar is
much more effective as a carbon source compared to passivated nano C doping.
We believe that increasing the sintering temperature of sugar-doped wires up to
900 - 950 °C should enable us to further increase current arrying ability and
irreversibility field in these samples. Further increase of the sintering temperature

9ver 1000 °C would not be beneficial, however, due to decomposition of MgB 2
~hase, as follows from the Mg-B phase diagram [294].
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Conclusion

Sugar doping results in remarkable improvement of the Bc2 (T ), Birr (T ), and Jc (Ba )
performances of MgB2 superconductor. We believe that this is due to a high level
of carbon substitution in the MgB2 lattice, which has been achieved as a result of
1) the liquid mixing approach employed, which ensures homogeneous distribution
of dopant within Mg and B powders; 2) the appearance of highly reactive atomic
carbon before MgB2 compound formation starts.
Carbon incorporated in the lattice aﬀects the superconducting properties of
MgB2 in two ways. First, it changes the scattering mechanism, yielding high Bc2
and consequently Birr values in sugar-doped samples. Second, it results in the
appearance of a dense network of crystal lattice defects. Both C substitution for
B sites in MgB2 lattice and nano sized MgO and C impurities within the MgB2
grains introduced with sugar doping, result in formation of large number of the
lattice defects, which signiﬁcantly enhance the pinning force and hence, drastically
improve Jc (Ba ) performance.
The results of this work show that, similarly to nano C doping, the properties of
sugar-doped samples improve with increasing sintering temperature. However, the
transport critical current density and irreversibility ﬁeld in sugar-doped samples
sintered at 870 ◦ C are as high as for C-doped wires sintered at higher temperatures
(900 - 950 ◦ C). This indicates that increasing the sintering temperature (up to 900 950 ◦ C) may result in even higher Jc (Ba ) performance of sugar-doped samples
than those achieved for nano C doping. An additional advantage of sugar in
respect to nano C or CNT doping is that it is inexpensive and more suitable for
homogeneous doping. Bearing in mind the results of our work, we can conclude
that sugar as a dopant exhibits a stronger potential for practical application of
MgB2 superconductor in the high ﬁeld region than any other type of nano carbon
doping.

Chapter 8
Comparative study of
Polycarbosilane- and nano
SiC-doping of MgB2
8.1

Introduction

In previous Chapters, the eﬀect of nano SiC, carbohydrates (sugar, malic acid), and
polycarbosilane doping on the electromagnetic properties of MgB2 material has
been presented. From the results observed, it became clear that the appearance of
highly reactive fresh carbon at a temperature below that required for the formation
of MgB2 compound is crucial for signiﬁcant enhancement of Jc performance in
MgB2−x Cx superconductors. As explained in Chapter 5, for nano SiC doping,
free carbon appears after the reaction between Si and Mg, which takes place at
a temperature of 600 ◦ C [200]. In the case of carbohydrates or polycarbosilane,
fresh C is released after decomposition of these compounds at 200 ◦ C or 470 ◦ C,
respectively (Chapter 6).
As was shown in Figs. 5.3 and 6.3, nano SiC and polycarbosilane ((C2 H6 Si)n )
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doping result in more signiﬁcant improvement of high ﬁeld Jc (Ba ), when compared
to nano C and carbohydrate dopants, respectively. That is why it is interesting
to compare the eﬀects resulting from these two dopants (nano SiC and polycarbosilane) in order to understand which one is more beneﬁcial for enhancement of
Jc (Ba ) behaviour in MgB2−x Cx superconductors.
In this chapter, a systematic study of the polycarbosilane (denoted as PCS in
the text) doping eﬀect on the structure and superconducting properties of MgB2
bulk material is presented and compared with the nano SiC doping. Moreover,
this comparison reveals diﬀerent aspects of the liquid and dry mixing approaches
to chemical doping and their eﬀects on the ﬁnal Jc (Ba ) performance of C-doped
MgB2 superconductors.

8.2

Samples and experimental techniques

MgB2 bulk samples were prepared by an in-situ reaction technique. Powders of
Mg (99%), amorphous B (99%), and PCS were used for fabrication of pure and
1, 5, and 10 wt% doped PCS samples. PCS was introduced via the liquid mixing
technique described in Chapter 6. Then, mixtures of powders were pressed into
pellets, sealed in stainless steel tubes, and sintered at a temperature of 850 ◦ C for
1 h. For comparison, two samples with an atomic ratio of MgB1.9 X0.1 , where X is
PCS or SiC powder (with particle size less than 15 nm) were prepared and sintered
at 650 ◦ C for 1 h. A ﬂow of high purity Ar gas was maintained throughout the
sintering process to avoid oxidation.
The samples were investigated with the help of x-ray diﬀraction (XRD) and
transmission electron microscopy (TEM); magnetic measurements were performed
on the samples shaped to the same size of 1 × 2.2 × 3.5 mm3 for consistent comparison.
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Phase and crystal structure analysis. Tc values

According to the diﬀerential thermal analysis of the PCS precursor powder, PCS
melts at a temperature of about 470 ◦ C. XRD results on PCS powder heated up to
900 ◦ C revealed that PCS was transformed into amorphous silicon carbide (SiC)
compound (Fig. 8.1). Its transformation to SiC compound with a small excess
of C takes place between 700 and 800 ◦ C [289]. Therefore, we can assume that
in the temperature interval between 470 ◦ C and 700 - 800 ◦ C, the PCS system is
decomposed and consists of disordered Si and C atoms.
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Figure 8.1: The x-ray diﬀraction patterns of pure and PCS- or SiC-doped MgB2
samples. The XRD pattern of the PCS precursor powder after DTA
study is also presented on the bottom.
The XRD patterns for the studied MgB2 samples with and without PCS or SiC
doping are presented in Fig. 8.1. All samples had a small peak at 2θ = 62.320
related to MgO phase. The Mg2 Si peaks appeared in the samples with PCS and
SiC doping. Increasing the PCS doping level resulted in increasing the relative
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amount (which is correlated with the height of the corresponding peak) of nonsuperconducting Mg2 Si phase in MgB2 samples. In the 1 wt% PCS-doped MgB2
sample the amount of Mg2 Si phase was presumably less than 5 wt% and could
not be detected with X-ray diﬀraction. It should be noted that in the SiC-doped
sample a small peak of unreacted SiC has appeared, while in samples with PCS
additions there were no other peaks except those related to MgB2 , MgO, and
Mg2 Si phases. This indicates both more homogeneous distribution of dopant (no
particle agglomerates) and better reactivity of PCS compound compared to nano
SiC powder.
The a- and c-lattice parameters of the hexagonal structure of the MgB2 were
calculated using XRD patterns, and the results are presented in Table 8.1. As can
be seen, the a-lattice parameter is decreased with increasing PCS addition level
(which is consistent with the gradual shifting of the (110) peak to higher 2θ values
with increasing PCS doping level, noticeable in Fig. 8.1), but no systematic change
was observed in the c-lattice parameter ((002) peak). This behaviour coincides
well with the changes in the lattice parameters caused by carbon substitution for
boron in MgB2 . The observed systematic shrinkage of the a-lattice parameter with
increasing PCS doping level is explained by increasing carbon content in the MgB2
lattice. The actual level of carbon substitution for B has been estimated from the
a-axis change [184]. Corresponding values are presented in Table 8.1.
Table 8.1: Summary of parameters of studied samples
Sample
MgB2
1 wt% PCS
5 wt% PCS
10 wt% PCS
MgB2
MgB1.9 SiC0.1
MgB1.9 PCS0.1
1

Sint.
T, ◦ C
850
850
850
850
650
650
650

Lat. parameters
a, Å
c, Å
3.0808
3.5210
3.0790
3.5216
3.0744
3.5229
3.0716
3.5236
3.0828
3.5198
3.0754
3.5216
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45
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35
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It is interesting to compare the C substitution level in PCS and SiC-doped
MgB 2 samples. Fig. 8.2 presents data for 1, 5, and 10 wt% PCS-doped MgB 2
samples sintered at 850°C for 1 h and data for 5 and 10 wt% SiC-doped MgB 2
samples processed at 825°C for 30 min (Chapter 4). The results yield a higher
level of C-substitution for B in the MgB2 lattice (x-values) for samples with PCS
doping than for samples with SiC doping. For instance, the C substitution level
in 5 (10) wt% PCS samples is about 25 (30) % higher than in 5 (10) wt% SiCdoped MgB 2 • This may be because a slightly higher amount of C appeared after
PCS decomposition [289] or indicate the better reactivity of disordered Si and C
atoms released after decomposition of PCS with precursor magnesium and boron
powders.
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Figure 8.2: Actual C substitution level in B sites in 1, 5, and 10 wt% PCS-doped
MgB2 samples (tbis work), SiC [271}, and C [190} doped MgB 2.
It should be noted that the high level of C substitution in PCS-doped MgB 2

could be reached at a rather low sintering temperature (650°C). Compared to
nano C doping, in the MgB1.9CO.l sample sintered at 900°C (marked as a triangle

in Fig. 7.2) the level of C-substitution is about 0.016 (Chapter 5), while for
MgB1.9PCSO.1 sintered at 650°C (see Table 8.1) this value has reached 0.03. A
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low sintering temperature is beneﬁcial for improvement of pinning and high ﬁeld
Jc (Ba ) performance. Therefore, it is important that C-substitution for B can be
achieved at a relatively low sintering temperature.
Critical temperature values, Tc , for the studied PCS samples are presented in
Table 8.1. Tc decreased with increasing C substitution level. For instance, for pure
MgB2 , Tc of 38 K was observed, while this value dropped to 36.0 and 35.1 K for
samples with 5 and 10 wt% of PCS, respectively. Tc values of PCS-doped samples
are slightly lower than those for SiC-doped MgB2 (Fig. 4.6, Chapter 4), which is
consistent with higher x -values in PCS-doped samples.

8.4

Nanostructure of PCS-doped MgB2 samples

A TEM image of the nanostructure 10 wt% PCS-doped MgB2 sample is presented in Fig. 8.3(a). In this sample the grain sizes varied from 50 to 200 nm (see
Fig. 8.3(a)). The electron diﬀraction pattern shown in the corner of Fig. 8.3(a)
conﬁrms the wide range of grain sizes in the sample. This is evident from the
appearance of large spots related to the bigger grains, which were framed by a
typical spotty ring related electron diﬀraction from ﬁne MgB2 grains.
In addition, large amount of impurities were also observed (Fig. 8.3(b)). They
are more likely MgO and/or Mg2 Si according to the XRD patterns in Fig. 8.1.
These particles were well distributed in the sample and had a size of about 1020 nm.
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(b)

(a)

200 nm

20 nm

Figure 8.3: (a) TEM image of the MgB2 sample with 10 wt% PCS addition;
(b) typical nano scale impurities in PCS doped MgB2 sample (likely
Mg2 Si or MgO). The scale bar for the electron diﬀraction pattern
(inset) is 10 μm.

8.5

Critical current density of PCS- and SiCdoped MgB2 samples

The eﬀect of PCS doping on Jc (Ba ) performance is shown in Fig. 8.4(a). As can
be seen, increasing the PCS doping level results in enhancement of critical current
density in the high ﬁeld region. This is due to a denser network of pinning centers
formed in the samples with a higher levels of PCS doping.
Indeed, pinning centers in MgB2−x Cx superconductors identiﬁed in previous
chapters include grain boundaries and defects in the crystal lattice. For samples
with diﬀerent levels of PCS addition sintered at the same temperature, the grain
sizes (and, hence, amount of grain boundaries) are likely to be identical. Therefore,
we can assume that pinning on grain boundaries is similar in these samples. On
the other hand, increasing the level of PCS doping leads to a higher level of
C substitution for B in the MgB2 crystal lattice and a large number of Mg2 Si
impurities (Table 8.1) - both responsible for a higher level of crystal lattice defects.
(We could not see any change in the relative intensity of the MgO peak with
increasing PCS doping level, but the amount of Mg2 Si phase (see the relative
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Figure 8.4: Magnetic Jc (Ba ) curves at 5 and 20 K (a) for the MgB2 samples with
0, 1, 5, and 10 wt% PCS addition; (b) for the MgB2 samples with
10 at% of PCS and SiC dopants.
intensity of the Mg2 Si peak in Table 8.1) increased). Hence, the denser network of
crystal lattice defects in the 10 wt% PCS-doped sample results in higher in-ﬁeld
Jc (Ba ) performance in this sample.
However, increasing the level of PCS doping resulted in degradation of self
ﬁeld Jc values in PCS-doped samples, compared to pure MgB2 . (The possible
reasons for this will be explained in the next chapter). For instance, the Jc (0 T,
20 K) value of 4.5 × 109 A/m2 for pure MgB2 drops to 2.6 × 109 A/m2 for the
10 wt% PCS-doped MgB2 sample (Fig. 8.4 and Table 8.1).
The eﬀects of pinning on grain boundaries can be demonstrated by a comparison of the Jc (Ba ) performances for 10 wt% PCS-doped MgB2 and MgB1.9 PCS0.1
samples (red curves in Figs. 8.4(a,b)). These samples have similar levels of Csubstitution (x ∼ 0.029 ± 0.001) and Mg2 Si impurities (45 ± 1%) (see Table 8.1),
which should result in about the same density of crystal lattice defects. The diﬀerence in these samples is in their grain sizes. In a similar way to the microstructure
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of SiC-doped samples processed at diﬀerent temperatures that were studied in
Chapter 4 (Fig. 4.3), the 10 wt% PCS-doped MgB2 sample sintered at a temperature of 850 ◦ C should have large grains compared to the MgB1.9 PCS0.1 sample
processed at 650 ◦ C. Hence, the amount of grain boundaries in the MgB1.9 PCS0.1
sample is larger than that in the 10 wt% PCS-doped MgB2 sample. Indeed, the
observed Jc (Ba ) performance in the MgB1.9 PCS0.1 sample also exceeds Jc (Ba ) of
the 10 wt% PCS-doped MgB2 sample, demonstrating the eﬀect of enhanced pinning from the large amount of grain boundaries in the MgB1.9 PCS0.1 sample on
Jc (Ba ) performance.
The Jc (Ba ) curves for MgB1.9 PCS0.1 and MgB1.9 SiC0.1 samples sintered simultaneously at 650 ◦ C for 1 h are presented in Fig. 8.4(b) for comparison. It is clear
that Jc (Ba ) performance for the PCS-doped sample is higher than that for the
SiC-doped sample at all studied temperatures and ﬁeld ranges. We believe that
the Jc (Ba ) improvement in the case of PCS doping was due to stronger pinning
on a larger amount of pinning sites in this sample. First, the appearance of highly
reactive amorphous C after PCS decomposition resulted in a higher level of C
substitution (0.03 for the PCS-doped vs. 0.02 for the SiC-doped) (see Table I).
Second, amorphous Si appearing after PCS decomposition easily reacted with Mg,
resulting in a large amount of small Mg2 Si phase precipitates. For instance, the
relative intensity of the Mg2 Si peak estimated from the XRD pattern is 44% for
PCS and 26% for SiC-doped samples (see Table 8.1).
In the MgB1.9 SiC0.1 sample, the unreacted SiC was detected with x-ray diffraction (Fig. 8.1). Unreacted SiC particles may form large particle agglomerates
that do not act as pinning centers [185]. These particles reduce the superconducting MgB2 volume and hence, magnify the eﬀect of other non-superconducting
phases (such as Mg2 Si and MgO) resulting in a further reduction of Jc , especially
at self ﬁeld. It should be noted that less degradation of self ﬁeld Jc is observed in
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PCS-doped compared to nano SiC-doped samples (see Fig. 8.6 and Table 8.1).
Increased levels of Mg2 Si phase and C-substitution for B in the MgB2 lattice,
as well as the absence of unreacted SiC particles, show that PCS provides more
eﬃcient doping with both Si and C, compared to doping with nano SiC particles.
In addition, less degradation of self ﬁeld Jc values in the PCS-doped sample may
indicate that non-superconducting Mg2 Si impurities are mostly distributed within
MgB2 grains, and, hence, grain boundaries are better connected and more transparent to current ﬂow. This likely was achieved with the help of the liquid mixing
approach, which resulted in a homogeneous distribution of dopant and, therefore,
impurity phases within the sample. Moreover, decomposition of PCS on disordered Si and C atoms simplify and enhance the reaction between Mg and Si, as
well as the reaction between Mg, B and C. Both PCS doping and the liquid mixing
approach assure formation of highly homogeneous MgB2−x Cx superconductor with
enhanced electromagnetic properties.
With its high critical current density of 3 × 108 A/m2 (5 K and 8 T) (Fig. 8.4(b))
the PCS doping has competitive in ﬁeld properties with samples doped with recently reported carbohydrates [165], such as 30 wt% malic acid, having Jc (5 K,
8 T) of 2.2 × 108 A/m2 . However, PCS resulted in a slight reduction of Jc at
low ﬁeld. This reduction is hardly observed for carbohydrates (Jc (0 T, 20 K) of
3.6 × 108 A/m2 for 10 wt% PCS vs. 4 × 108 A/m2 for 30 wt% malic acid).

8.6

Conclusion

The eﬀect of PCS doping on the superconducting properties of MgB2 was systematically investigated and compared with the eﬀects of the conventional nano
SiC doping. The PCS enables eﬃcient homogeneous doping, which is diﬃcult to
achieve by mixing of nano powders, such as nano SiC. In addition, the low de-
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composition temperature of PCS provided disordered and highly reactive C and
Si atoms, facilitating reactions with Mg and B powders. A low sintering temperature hosted formation of small MgB2 grains and a greater amount of grain
boundaries, as well as a large amount of defects caused by a higher level of C
substitution and the appearance of MgO and Mg2 Si impurity phase particles that
were small and likely to be distributed inside MgB2 grains. All these structural
modiﬁcations merged into signiﬁcant improvement of pinning strength and, hence,
Jc (Ba ) behaviour in the high ﬁeld region of PCS-doped MgB2 , when compared to
the conventional nano SiC doping.

Chapter 9
Identiﬁcation of factors limiting
Jc in MgB2−xCx superconductors
at low ﬁelds
9.1

Introduction

Although signiﬁcant enhancement of in-ﬁeld Jc (Ba ) performance has been attained
in doped samples (mainly with C-based dopants), only a few dopants reported so
far (Ti [295], GaN [103], Mg-Ga [296], malic acid [165]) do not result in degradation
of self/low ﬁeld Jc performance of doped MgB2 material. As has been discussed
in Sect. 2.3.4, properties of MgB2 superconductor are very sensitive to its microstructure. It has been stressed that structural defects such as porosity, poor
connectivity/transparency of grain boundaries, and non-superconducting phases
result in degradation of critical current density in this material [151; 160; 185; 226].
However, no quantitative analysis has been performed to estimate the level of Jc
limitation from these structural imperfections in pure and doped MgB2 materials.
In this chapter, a model, which allows us to estimate the level of critical cur-
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rent limitation on mentioned above structural defects in pure and C-doped MgB2
superconductors was developed. The carbohydrate (sugar and malic acid) and
polycarbosilane dopants were used as eﬃcient sources of C in MgB2 superconductor [164; 165; 210].

9.2

Samples and experimental techniques

Pure and doped MgB2 bulk samples have been prepared using the liquid mixing
approach described in Chapter 6. To enable a comparison, three dopants: sugar
(C6 H12 O6 ), malic acid (C4 H6 O5 ), and polycarbosilane (C2 H6 Si) were added at
the level of 10 wt%. The powders were pressed in stainless steel (SS) tubes and
encapsulated with Fe plugs. Samples were sintered with a heating rate of 5 ◦ C/min
at 700 ◦ C for 30 min, followed by a furnace cooling to room temperature. High
purity argon gas was continuously ﬂowing during the sintering process to avoid
oxidation. After sintering, the SS shell was mechanically removed.
The samples were investigated with help of x-ray diﬀraction (XRD), scanning
electron microscope (SEM) and transmission electron microscope (TEM); magnetic measurements were performed on the samples shaped to the same size of
1 × 2.5 × 3.2 mm3 for consistent comparison.

9.3

Structural, microstructural, and superconducting properties of the studied samples

X-ray diﬀraction patterns expose MgB2 as the main phase and some traces of nonsuperconducting MgO phase in all the samples studied. The level of MgO phase is
relatively high in malic acid (11.7 wt%) and sugar (17.9 wt%) doped samples as a
result of the presence of water in the structure of these dopants. For comparison,
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the fraction of MgO in the pure and PCS-doped samples is only about 7.7 ±
0.1 wt%. In the PCS-doped sample, a high level of non-superconducting Mg2 Si
phase (11.2 wt%) has been detected. The fraction of phases in the studied samples
is presented in Table 9.1.
Table 9.1: Deﬁnition of samples studied and some of their properties.
Dopant

a,

Δa,

(Deﬁnition)

Å

Å

None
(MB)

3.0844

-

Malic
(MC)

3.0749

Polycarbosilane
(PCS)
Sugar
(SR)
1

x1

Non-SC

Poro-

ρ40K ,

ρ300K ,

aef f

phase

sity

μΩ cm

μΩ cm

%

-

0.78
(MgO)

0.17

40

86

16.0

0.0096

0.030

0.117
(MgO)

0.27

106

194

13.8

3.0741

0.0104

0.033

0.76
(MgO)
11.2
(Mg2 Si)

0.36

198

289

13.7

3.0716

0.0128

0.040

0.179
(MgO)

0.42

193

295

13.0

x - actual level of C in Mg(B1−x Cx )2 .
In the MgB2 hexagonal cell, the a-lattice parameter is reduced with addition

of C-containing dopants (Table 9.1), while the c-lattice parameter does not change
signiﬁcantly (3.524 ± 0.002). The reduction in the a-value, Δa = apure − adop , is
associated with partial carbon substitution on B sites in the MgB2 crystal lattice.
The higher the Δa-value, the higher the level of carbon that has been introduced
into the lattice. The level of C substitution (x in Mg(B1−x Cx )2 ) (Table 9.1), has
been calculated from the change in the a-parameter of the crystal lattice [184].
The porosity level was studied by SEM for several surfaces gradually polished
with a 1 mm interval to avoid statistical error. All images were taken with a
magniﬁcation of × 250. Typical SEM images for the samples are presented in
Fig. 9.1. The level of porosity can be determined as the ratio of the area occupied
by pores (visible voids) to the total area of the sample. The average porosity values
for the samples studied are presented in Table 9.1. As can be seen, the pure sample
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Figure 9.1: Typical SEM images at low magniﬁcation (× 250) for (a) pure, (b)
malic acid-, (c) PCS- and (d) sugar-doped MgB2 samples.
has 17 % porosity of the studied area, while the doped samples have higher levels
of 27, 36, and 42 % for malic acid, PCS and sugar dopants, respectively. The
higher level of porosity in the doped samples is likely to be due to some gases
released after carbohydrate/PCS decomposition.
TEM investigation helps to reveal more information on the nanostructure and
grain sizes of samples (Fig. 9.2 and Ref. [164]). It is revealed that grain sizes are
varied within each sample. The microstructure of all the samples consists of small
grains (from 10 to 50 nm, marked with continuous arrows), which have round
shapes, and bigger grains elongated in one direction (shown by broken arrows).
The elongated grains have sizes up to 50 nm × 400 nm in the pure (Fig. 9.2(a, b))
and 80 nm × 900 nm in the malic acid-doped samples (Fig. 9.2(c, d)). In the sugar
[164] and PCS-doped samples the maximum grain size is about 50 nm × 150 nm
(Fig. 9.2(e,f)). On the nanostructural scale, in all samples crystal lattice defects
such as dislocations and stacking faults (Fig. 9.3(a)), and nano-domains < 10 nm
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Figure 9.2: TEM investigation of the nanostructure of pure (a, b), malic acid(c, d) and PCS-doped (e, f) MgB2 samples sintered at 700 ◦ C. Solid
arrows indicate small, round grains, and broken arrows, larger, elongated grains.

in size (Fig. 9.3(b)) have been observed, which is consistent with previous reports
[102; 188]. Nano precipitates, such as MgO, Mg(B,O)2 , MgB4 and higher boron
compounds can be observed in pure samples [137; 135; 124; 291]. In the case of
doped samples, some unreacted carbon and/or MgO (for carbohydrate doping)
as well as Mg2 Si (in case of the PCS-doped sample) inclusions with a diameter
of < 20 nm (Fig. 9.3(c)) can be found within the MgB2 grains. We assume that
C substitution on B sites and the appearance of a higher level of nano inclusions
promote greater crystal lattice distortion and result in formation of denser network
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of crystal lattice or “secondary” defects in doped samples.
(a)

Dislocations
Stacking
faults

50 nm
(b)

Nano - domains

10 nm

Nano - impurities

(c)

20 nm

Figure 9.3: Typical defects observed in MgB2−x Cx samples: a - stacking faults
and dislocations; b - nano-domains of < 10 nm in size; c - nano scale
impurities of ≤ 20 nm large (shown by arrows).

The resistivity values at 40 and 300 K are presented in Table 9.1. Resistivity
is higher in doped samples as a result of increased electron scattering on pores,
impurities, and crystal lattice defects. In addition, in the samples with small grains
(PCS and sugar), resistivity also increases as a result of electron scattering on the
higher density of grain boundaries.
We have employed Rowell analysis (Eq. (2.5)) [150] to estimate the eﬀective
(electrically connected) fraction (aef f ) of samples carrying current (Table 9.1).
For MgB2 , the Δρideal value has been assumed to be 7.3 μΩcm, as for dense MgB2
ﬁlament made by chemical vapor deposition (CVD) (Sect. 2.3.4). For carbondoped samples, Δρideal values were estimated using the relation Δρideal (x) =
109.59x + 8.8794, where x is the level of C-substitution in the lattice, which
was empirically found from the data on CVD-made Mg(B1−x Cx )2 wires [290]. As
can be seen from Table 9.1, (85 ± 2)% of sample microstructure (equal to (1-
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aef f ) value) is not electrically connected. SEM microstructure images suggests
that this part of the sample contains clusters of superconducting grains isolated

2

×10 (A/m )

(disconnected) from each other (see for example Figs. 4.11, 8.1).
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Figure 9.4: As measured magnetic Jc (Ba ) performance for the pure and malic
acid-, PCS-, and sugar-doped MgB2 samples investigated.

Fig. 9.4 shows magnetic critical current density versus applied magnetic ﬁeld,
Jc (Ba ), for the samples studied. In the low ﬁeld region, the doped samples show
smaller Jc (Ba → 0) values compared to the pure sample (see also Fig. 9.5(a)).
In contrast, in the high ﬁeld region C-doping results in Jc (Ba ) enhancement due
to increased upper critical ﬁeld (see previous chapters) and formation of a denser
pinning network. The commonly identiﬁed pinning types in pure/doped MgB2
include: (i) grain boundaries and (ii) crystal lattice defects (dislocations, stacking
faults, nano-domains), induced by nano scale impurities (MgO and Mg(B,O)2 in
pure MgB2 ; MgO in samples with carbohydrate doping; and Mg2 Si in PCS-doped
sample) and C-substitution for B in MgB2−x Cx samples, as has been explained in

9.4. Model for estimation of Jc limitation by structural features

144

previous chapters.
Indeed, to observe Jc (Ba ) behaviour in the studied samples (Fig. 9.4), we have
assumed that the whole volume of the sample is superconducting. However, this
is not absolutely correct, because each imperfection in the microstructure, such
as those discussed above: porosity, non-superconducting phases, and disconnected
superconducting clusters, result in a reduction in the eﬀective superconducting
volume. In addition, these defects result in dissipation of real critical current
(and, hence, decrease of real critical current density) ﬂowing through the sample.
The question arises as to what level of critical current has been lost on each
microstructure imperfection. To answer this question, we have designed a model
based on the calculation of Jc ﬂowing through the fraction of the sample which is
free from one or another defect. With our model described below, we were able to
estimate the level of limitation of critical current density by the diﬀerent defects
in the microstructure of the studied samples (Sect. 9.5).

9.4

Model for estimation of Jc limitation by structural features

As follows from the detailed investigation of the microstructure described above,
we can summarize that the microstructure of the MgB2 sample contains i) “geometrical” defects, which include porosity and non-superconducting phases and occupy
Ag area of the sample cross section; ii) the electrically connected area Aef f ; and iii)
clusters of grains which are not connected to Aef f ; these grains occupy Anc area
of the sample cross-section. Hence, the total cross-sectional area of the sample, A,
can be presented as A = Ag + Aef f + Anc or

1=

Anc
Ag Aef f
+
+
= ag + aef f + anc ,
A
A
A

(9.1)
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Ag
A
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is the fraction of the cross sectional area occupied by “geometrical”

defects; aef f =

Aef f
A

is the fraction of the cross sectional area occupied by electri-

cally connected grains; and anc =

Anc
A

is the fraction of the cross sectional area

occupied by grains, which are not connected to Aef f .
Critical current (Ic ) ﬂowing through the sample with cross sectional area A,
correlates with measured critical current density (Jcmeas ) via the equation:
Ic /A = Jcmeas

(9.2)

Since the supercurrent ﬂows only through the superconductor, the cross-sectional
area for the current ﬂow can be reduced by subtracting the non-superconducting
area occupied by geometrical defects (Ag ). Hence, the real critical current density
(Jcgeom ) ﬂowing through the sample is deﬁned by
Ic /(A − Ag ) = Jcgeom

(9.3)

Now, if we divide Eq. (9.2) by Eq. (9.3), we get the relation between the
measured Jcmeas and critical current density without allowance for geometrical
defects (Jcgeom ):
Jcgeom = Jcmeas

1
1
= Jcmeas
1 − Ag /A
1 − ag

(9.4)

where (1−ag ) is the fraction of the superconducting sample which does not contain
geometrical defects.
Similarly, the critical current density ﬂowing through the electrically connected
grains, which occupy fraction aef f of superconducting sample is:
Jcef f = Jcmeas

1
aef f

,

(9.5)

as well as the critical current density which ﬂows through the fraction of discon-
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nected superconducting clusters anc in the sample:
Jcnc = Jcmeas

1
,
anc

(9.6)

where anc = 1 − ag − aef f , according to (9.1).
As has been discussed in Sect. 2.3.3, the magnitude of achievable currents
in the superconductor is deﬁned by the depairing current density, Jdp . Indeed,
the Jdp value is reached when the kinetic energy (or velocity) of superconducting Cooper pairs reaches its maximum. However, real superconducting materials
have too many imperfections which destroy Cooper pairs moving through the
superconductor with much lower energy. This result in the Jcmeas value, which
is much lower than the calculated Jdp value. For instance, in the studied samples Jcmeas  4×109 A/m2 , which is 0.4% of Jdp = 1012 A/m2 (Sect. 2.3.3), i.e.
Jcmeas  Jdp .
In our model, we assume that the maximal critical current density in our
samples is equal to some constant value, which we called Jdp . Each imperfection
in the microstructure results in dissipation of critical current and, hence, critical
current density, when it ﬂows through the sample. The resulting (or measured)
Jcmeas is reduced from Jdp by the level of these dissipations, i.e.:
Jcmeas = Jdp −



ΔJi

(9.7)

where ΔJi is the level of critical current density dissipation on defect type i.
According to microstructure analysis of MgB2 samples, the dissipation of critical current density, ΔJi , may occur on the following defects2 : 1) porosity and non2

Indeed, there is at least one more factor which results in dissipation of Jc in MgB2 superconductor. This is “ﬁeld-induced inhomogeneity” in the sample (Sect. 2.3.4), where grains are
oriented at diﬀerent angles to the applied magnetic ﬁeld. However, it was not possible to evaluate
this factor on the basis of just microstructure investigation. We keep this in mind, and, probably,
will extend our model introducing this factor in the future.
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superconducting phase (i = geom); 2) the defect network (crystal lattice defects,
grain boundaries, etc.) (i = def ); 3) disconnected clusters or poorly connected
grain boundaries (i = nc), i.e.:

Jcmeas = Jdp − ΔJdef − ΔJgeom − ΔJnc

(9.8)

It is also straightforward to see that

ΔJgeom = Jcgeom − Jcmeas .

(9.9)

Therefore,

Jcgeom = [Jdp − ΔJdef − ΔJgeom − ΔJnc ] + ΔJgeom = Jdp − ΔJdef − ΔJnc (9.10)
Analogically, the level of Jc dissipation on the disconnected (or poorly connected)
superconducting clusters in the samples can be deﬁned as follows:

ΔJnc = Jcnc − Jcmeas .

(9.11)

Jcnc = Jcmeas + ΔJnc = Jdp − ΔJdef − ΔJgeom .

(9.12)

Therefore,

However, after excluding defect types (1) and (3) of the sample’s microstructure, the resulting critical current density ﬂowing through the electrically connected fraction of sample can be deﬁned by Eq. (9.5), and according to Eq. (9.8):

Jcef f = Jcmeas + ΔJgeom + ΔJnc = Jdp − ΔJdef .

(9.13)

Here, it can be plausibly assumed that defects with dimensions of ∼ ξ, would not
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signiﬁcantly limit Jc , and Jdp  ΔJdef . Therefore, we can write that
Jcef f = Jdp

(9.14)

However, the more important role of these ξ-size defects in providing vortex pinning has been neglected so far. Thus, Eq. (9.14) is, strictly speaking, incorrect.
An additional term describing pinning has to be introduced. Since it cannot be
directly estimated we propose a pinning term (ΔJpin ) with the following properties. Theoretically, it may happen that Jcef f = Jdp ; in this case the role of pinning
is negligible: ΔJpin = 0. However, if Jcef f < Jdp , which is usually the case for
all type-II superconductors (see Ref. [297] for discussion of possibilities), then we
propose the following scenario, which is, to an extent, based on one suggested in
Ref. [297].
1. If Jcef f ≥ Jdp , then ΔJpin = 0, which, in principle, is not correct. But practically,
it leads to correct possible Jc values in superconductors. In this case, Eq. (9.13)
would be
Jcef f = Jdp + ΔJpin .

(9.15)

That is having a plus instead of minus in this formula, but because ΔJpin = 0, it
leads to Jcef f = Jdp .
2. If Jcef f < Jdp , then ΔJpin = 0, which leads to Eq. (9.13), i.e Jcef f = Jdp -ΔJpin ,
which is the case for MgB2 (Jc  0.004Jdp ) and also YBCO ﬁlms, as well as
LTS superconductors. This is the case when Jcef f is controlled by (weaker) vortex
pinning rather then (stronger) Jdp .
Thus, these two cases can be represented as one:

Jcef f = Jdp - ΔJpin

(9.16)
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which shows that the Jcef f value is restricted by dissipation of the critical current
density on pinning defects in the sample.
The model described in this section has been used to analyze the inﬂuence of
microstructural defects on measured critical current density as well as the level of
Jc dissipation on these defects in the pure (MB) and malic acid (MC)-, polycarbosilane (PCS)-, and sugar (SR)-doped MgB2 samples.

9.5

Discussion

Fig. 9.5(a) shows the measured critical current density for samples studied in the
low ﬁeld region. The Jcmeas (Ba → 0) values are higher for the pure sample and
are degraded in doped samples according to the sequence MC > PCS > SR. If
we exclude geometrical defects in each sample, using Eq. (9.4) and the data in
Table 9.1, the critical current density Jcgeom will be similar in all the samples as
Ba → 0 (Fig. 9.5(b)).
The sample with sugar doping is showing slightly diﬀerent behaviour. This
Jc (Ba ) behaviour is similar to those observed in samples with pronounced weak
links between the grains [96]. It is likely that in sugar-doped samples a high level
of MgO impurities (see Table 9.1) act as weak links and result in large current
dissipation. Similar values of Jcgeom (Ba → 0) for the samples studied indicate that
the disconnected (or poorly connected) grains and pinning within the samples
seems to extinguish of each other’s eﬀects.
Although the resulting Jcgeom (Ba → 0) values are similar in all samples, the level
of current dissipation on geometrical defects, ΔJgeom , is diﬀerent (Fig. 9.5(e)). According to the data presented in Table 9.1, we can assume, that geometrical defects
(sum of porosity and non-SC phase fractions, where the values are taken from Table 9.1 and presented in the brackets below) are increasing in the in the following
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Figure 9.5: Application of the developed model to Jc performance at low ﬁelds:as
measured magnetic Jc (Ba ) (a); critical current density, which would
ﬂow through the sample: without geometrical defects (b); in disconnected (or pure connected) superconducting clusters (c); in the
electrically connected area Aef f (d). The level of critical current density dissipation on geometrical defects (e) and disconnected areas (f)
of the samples’ microstructure.
sequence: MB (0.1481 %) < MC (0.2873 %) < PSC (0.5480 %) < SR (0.5986%).
It is clear that a higher level of geometrical defects would result in greater current
dissipation on these defects in the samples (i.e. higher ΔJgeom values). This is consistent with ΔJgeom values estimated using Eq. (9.9) and presented in Fig. 9.5(e),
which are lower for the pure sample and higher for the PCS- and sugar-doped samples having the highest level of geometrical defects. Hence, the higher the level of
geometrical defects the lower the measured Jcmeas (0 T ) is, as is evident from the
Jcmeas (0 T ) values for PCS and sugar-doped samples (Fig. 9.5(a,e)).
Next, using Eq. (9.6) we have estimated the critical current density, Jcnc , ﬂow-
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ing through the disconnected clusters of superconducting grains in the sample
(Fig. 9.5(c)). Slightly higher Jcnc values in C-doped samples were observed compared to pure sample. Moreover, Jcnc values are higher in sugar- and PCS-doped
samples having small grain size and a denser network of crystal lattice defects
associated with higher levels of C substitution (x ) and impurities (Table 9.1).
(Again, for the sugar-doped sample, Jcnc (Ba → 0) is aﬀected by the high level of
MgO impurities; otherwise, Jcnc in this sample would probably be highest of all.)
This result may indicate enhanced pinning governed by a large number of grain
boundaries and intragrain defects in C-doped MgB2 samples.
The dissipation of critical current density on disconnected clusters (or poorly
connected grains), ΔJnc , is higher in PCS- and sugar-doped samples compared to
pure and malic acid-doped samples (Fig. 9.5(f)). One reason for this is the grain
sizes, which are larger for pure and malic doped samples, and smaller for PCS and
sugar-doped samples (see Fig. 9.2). On average, small grains are more likely to be
contaminated with impurities, which tend to reside on the grain boundaries, reducing their transparency to current ﬂow and connectivity. However, the grain sizes
in the malic acid-doped sample are larger than in the pure sample, but this sample
still shows a higher level of critical current density dissipation, ΔJnc , compared
to the pure sample. This fact may indicate another factor limiting Jc . Indeed,
in C-doped samples, transparency of grain boundaries may be reduced as a result
of the formation of crystal lattice defects in the close vicinity of grain boundaries
(Sect. 4.3). Since the level of crystal lattice defects and non-superconducting impurities increases in the sequence MC < PCS < SR (Table 9.1), greater reduction
of transparency should be expected in sugar and PCS-doped samples, compared to
the malic acid sample. Indeed, the highest ΔJnc value is observed in these samples
(Fig. 9.5(f)). Hence, smaller grains and a larger number of grain boundaries with
reduced transparency result in higher levels of Jc dissipation and contribute to a
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greater reduction of Jcmeas (Ba → 0) values in MgB2−x Cx samples, compared to the
pure sample (Fig. 9.5(a)).
Fig. 9.5(d) shows the critical current density, Jcef f , which is carried by the
electrically connected superconducting fractions of the samples. As can be seen,
Jcef f (Ba → 0) values are reduced in the sequence MB ≈ MC > PCS > SR for the
samples studied. According to Eq.(9.16), Jcef f = Jdp −ΔJpin . Simple mathematical
calculations yield the result that the level of critical current dissipation on pinning
features within a superconductor, ΔJpin , is decreasing in the samples as follows:
SR>PCS>MC ≈ MB. This is consistent with the density of pinning defects in the
studied samples, which are reduced in the same sequence. (The density of pinning
defects in the samples increases with increasing “secondary” defect formation,
reduction in grain size (or increasing the level of grain boundaries), and increasing
the level of nano-inclusions within MgB2 grains.) Therefore, reduction of Jcef f for
MgB2−x Cx samples can be associated with greater dissipation of ﬂowing critical
current density on pinning defects within the electrically connected fraction.
Comparison of Jcgeom , Jcnc and Jcef f values for the studied samples (Figs. 9.5(bd)) shows that the main dissipation of critical current density occurs due to poor
connectivity of superconducting grains, since Jcgeom

<

Jcnc

<

Jcef f for all

the samples studied. In addition, ξ-sized defects result in further dissipation of
critical current density, suggesting that all possible inhomogeneities impact on the
transparency of microstructure for current ﬂow at low ﬁeld in both MgB2 and
MgB2−x Cx superconductors.
We have applied our model for estimation of Jcgeom , Jcnc , and Jcef f (Fig. 9.6(bd)) and their dissipation on defects in the microstructure (Fig. 9.6(e,f)) at higher
ﬁelds (Ba  3 T). Diﬀerent trends were observed compared to the behaviour
observed for these values in the low ﬁeld region (Fig. 9.5(b-f)). That is, Jcgeom ,
Jcnc , and Jcef f values are higher for doped samples compared to the pure sample.

9.5. Discussion

153

This is because the critical current density in the high ﬁeld region is determined by
the pinning mechanism in the samples and less sensitive to the transparency of the
microstructure to current ﬂow. It is also interesting to note that adjusted Jcgeom
and Jcnc values (Fig. 9.6(b-e)), as well as the level of ΔJcgeom and ΔJcnc dissipation,
(Fig. 9.6(e,f)), coincide for carbohydrate (malic acid and sugar) doped samples at
Ba ≥ 3.5 T. This probably indicates the similar nature of the pinning mechanism
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The results presented in Figs. 9.5 and 9.6 show that there are two main factors
which aﬀect the critical current density of MgB2−x Cx superconductors over the
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entire ﬁeld range: 1) connectivity of grains and transparency of grain boundaries
to current ﬂow, and 2) pinning. In the low ﬁeld region these two factors become
competitive. A large number of crystal lattice defects and grain boundaries enhances pinning and should result in higher potential Jc values, but at the same
time they reduce the transparency of grain boundaries, generating a high level of
Jc dissipation. Degradation of the resultant Jc values due to the increased number
of pinning defects suggests that connectivity/transparency of grain boundaries is
the dominating factor for Jc improvement of MgB2−x Cx superconductors in the
low ﬁeld region. In contrast, a large number of pinning sites, which favors stronger
pinning, are mainly responsible for enhancement of Jc (Ba ) in the high ﬁeld region.

9.6

Conclusion

A model which enables us to estimate the level of critical current density dissipation on microstructural features for pure and C-doped MgB2 samples has been
developed. Malic acid, polycarbosilane, and sugar have been used as eﬀective
sources of carbon in MgB2 superconductor. We have shown the eﬀects of the
main microstructural defects, such as porosity and non-superconducting phases,
connectivity/transparency of grain boundaries, and the pinning network on the
dissipation of critical current density ﬂowing through the sample.
It has been shown that the low ﬁeld Jc performance of MgB2−x Cx superconductor is mainly aﬀected by connectivity/transparency of grain boundaries in this
material. Enhancement of Jc (0 T ) can be achived by increasing connectivity and
reducing the number of pinning defects. However, these defects generate a dense
network of pinning centers, which result in higher values of Jc at high ﬁelds.
Thus, an “ideal” (guiding) recipe for Jc enhancement over the entire ﬁeld range
for MgB2 superconductors is very similar to that for the high-Tc superconductors
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(HTS), in spite of the fact that the properties of MgB2 are more alike to those
of low-Tc superconductors. This recipe is to create a dense single- crystalline
structure with maximum density of ξ-scale pinning sites, yet allowing maximum
transparency for supercurrent ﬂow. The practical method for MgB2 fabrication,
however, can be sought in careful consideration of the relevant factors discussed
in this chapter.

Conclusion
This work was inspired by the discovery of superconductivity in MgB2 compound
with the rather high critical temperature of 39 K. To push the properties of MgB2
superconductor toward the practical application at the temperature of 20 K,
MgB2−x Cx superconductors with enhanced electromagnetic characteristics were
developed. This was achieved by doping MgB2 with diﬀerent C-based materials
and optimizing the processing parameters during fabrication of MgB2−x Cx compound.
The results obtained in this work showed that the properties of MgB2−x Cx superconductors are sensitive to the fabrication parameters (doping material, doping
level, sintering temperature, cooling time) employed. These aﬀect microstructural
properties, such as density of crystal lattice defects, and the number and connectivity/transparency of grain boundaries. It has been demonstrated that (i) the C and
C-based dopants (except for SiC doping) require higher sintering temperature for
formation of microstructure with large numbers of crystal lattice defects; (ii) higher
sintering temperatures and longer cooling times lead to formation of microstructure with larger, better connected grain boundaries that are more transparent to
current ﬂow; (iii) low temperature sintering assures formation of microstructure
with small, poorly connected grains, providing a larger number of grain boundaries; (iv) the level of doping material should be suﬃcient for formation of dense
network of crystal lattice defects, but should not result in signiﬁcant reduction of
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superconducting volume (due to possible formation of non-superconducting impurities, as in the case of SiC doping) and/or signiﬁcantly attenuate the transparency
of grain boundaries to current ﬂow.
Moreover, analysis of pinning mechanism with the help of the Dew-Hughes
model clearly indicates that in MgB2−x Cx superconductors pinning occurs on surface type pins, which have sizes of ∼ 2ξ. In the MgB2−x Cx samples studied these
include the crystal lattice defects (dislocations, stacking faults, nano-domains, etc.)
and grain boundaries.
A comprehensive study of C-doped MgB2 samples showed that the observed enhancement of superconducting properties has a strong correlation with microstructural changes occurring in MgB2 due to doping with C-based materials. Partial
substitution of carbon for B in the MgB2 crystal lattice results in formation of
microstructure with large numbers of crystal lattice defects within superconducting grains, which may be boosted by by-product impurities (such as Mg2 Si in the
case of SiC doping). In addition, C-based doping generally results in reduction in
the grain size (compared to pure MgB2 ), and, hence, generates a larger number
of grain boundaries. These microstructural changes lead to (i) increased electron
scattering, due to reduction of the electron mean free path due to more defects,
and (ii) an improved pinning environment. Both of them result in enhancement of
superconducting properties (Bc2 , Jc (Ba ), and Birr ) of the ﬁnal MgB2−x Cx material.
The systematic study of microstructural and superconducting properties of
MgB2−x Cx compounds, as well as increasing our understanding of the correlation between them, helped us to: 1) explain the mechanism for enhancement of
MgB2 superconducting properties by SiC doping, 2) develop the liquid mixing
approach, which simpliﬁes and increases the eﬀectiveness of chemical doping by
carbon, and 3) demonstrate the level of Jc degradation due to diﬀerent defects
in the microstructure caused by C-doping. These issues were formulated in the
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“Scope of the thesis” section as questions, and the results obtained during this
work to clarify them are summarized below.
1. What makes SiC doping so unique (for enhancement of superconducting properties) among other C-based dopants?
Among the many C-based dopants, nano-SiC material appeared to be the ﬁrst
dopant demonstrating optimal doping eﬀects. The unique feature of SiC doping is
the appearance of free C due to the reaction between Mg and Si elements, which
occurs at a temperature below the formation temperature of MgB2 compound. As
a result, C-substitution and MgB2 formation take place at the same time (simultaneously) at low temperatures. C-substitution and Mg2 Si nano inclusions generate
large amounts of crystal lattice defects, while low temperature sintering results in
large numbers of grain boundaries. Therefore, SiC doping results in the highest
density of microstructural defects, favoring superior enhancement of electromagnetic properties compared to other C or C-based dopants. For instance, a transport
critical current density was attained for the optimized 10 wt% SiC-doped MgB2
wire processed at 650 ◦ C as high as 2.5×108 A/m2 at 10 T and 4.2 K.
In contrast, nano C or other C-based dopants require higher sintering temperatures for substitution of a suﬃcient level of C into the lattice. In this case, the
amounts of crystal lattice defects increase, contributing to the pinning enhancement and increasing electron scattering. At the same time, smaller numbers of
grain boundaries due to high temperature processing result in reduction of these
types of pins and defects for electron scattering. Therefore, the total pinning
force and scattering in these samples is smaller, compared to what is induced by
SiC doping. For comparison, the transport critical current density for optimized
MgB1.9 C0.1 superconductor processed at 950 ◦ C was about 108 A/m2 at 10 T and
4.2 K, which is factor of 2.5 lower than for SiC-doped MgB2 wire.
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Thus, the unique feature of SiC doping among other C-based dopants is that
the reaction between Si and Mg leads to the release of fresh C at rather low
sintering temperatures. Simultaneous C substitution and MgB2 formation occur
with low temperature processing, providing the highest level of microstructural
defects. These, in turn, increase the upper critical ﬁeld and improve pinning, i.e.
both the factors controlling Jc (Ba ) performance.
2. Is it possible to modify the process of chemical doping in order to achieve homogeneous MgB2−x Cx material and increase the eﬀectiveness of the dopant employed?
In our group the liquid mixing approach to chemical doping by carbon was developed. The carbohydrates (sugar, malic acid) and polycarbosilane were employed
as doping materials for this new technique.
In this work, it was demonstrated that the liquid mixing approach results in the
coating of the boron powder particles by a nano-layer of carbon. This conﬁguration assures perfectly homogeneous mixing as well as the maximum reaction
surface between the dopant and the matrix components (Mg and B). In addition,
carbohydrates and polycarbosilane decompose at low temperatures (similar to SiC
dopant), providing fresh, highly reactive C on the atomic scale. This increases the
eﬀectiveness of the doping material, facilitating C substitution for B, which increases the density of the microstructural defects, favoring enhancement of the
superconducting properties in MgB2−x Cx superconductors.
Indeed, the results on polycarbosilane doping showed that critical current density
performance in this sample was higher compared to nano SiC-doped MgB2 over the
entire ﬁeld region. In addition, high values for the upper critical ﬁeld of 36 T and
the irreversibility ﬁeld of 27 T were estimated at a temperature of 5 K in a bulk
MgB2 sample with the addition of 10 wt% of sugar processed at a temperature
of 950 ◦ C. The value of transport Jc reached as high as 108 A/m2 at 10 T and
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5 K for Fe-sheathed sugar-doped MgB2 wire processed at a temperature of 870 ◦ C.
Although this value is similar to the one presented above for a nano C-doped
sample, it should be taken into account that fabrication parameters for the sugardoped sample has not been optimized yet. Increasing the sintering temperature
up to 950 ◦ C would result in higher values of the critical current density in this
sample.
Thus, the homogeneity of MgB2−x Cx superconductor can be improved with the
help of the liquid mixing technique, which is applicable to a wide range of carbohydrates and polymer carbon-containing compounds. These technique and doping
materials notably increase the eﬀectiveness of chemical doping by the C element
and result in enhancement of the electromagnetic performance of MgB2−x Cx superconductor.
3. To what extent do microstructural features aﬀect the low ﬁeld critical current
density value of MgB2 and MgB2−x Cx materials?
A model for the estimation of critical current dissipation on such microstructural
defects of MgB2−x Cx superconductors as porosity, non-superconducting phases,
and connectivity/transparency of grain boundaries has been developed in this
work. The results showed that higher levels of these defects lead to large dissipation
of critical current density. Moreover, this Jc dissipation is more pronounced in the
low ﬁeld region, while in-ﬁeld Jc (Ba ) performance is mainly determined by pinning
in the studied samples.
It can be estimated that Jc could be a factor of 1.5-2 higher than measured if the
samples studied did not have porosity and non-superconducting phases. Moreover,
increasing the connectivity of the grain boundaries in MgB2−x Cx material would
lead to at least one order of magnitude higher self ﬁeld values than has been
currently achieved.
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Another important observation of this work is that it contradicts current views on
the eﬀects of pinning centers on critical current density performance. Theoretically,
improved pinning in MgB2−x Cx superconductors should increase Jc behaviour over
the entire ﬁeld range. Indeed, this can be clearly seen for the high ﬁeld region,
where Jc (Ba ) performance is enhanced due to C doping. In contrast, according to
our model, in the low ﬁeld region large numbers of pinning sites result in greater
dissipation of supercurrent ﬂow and lower Jc values. This result suggests that the
connectivity of grain boundaries and their transparency are more important for
improvement of critical current density in the low ﬁeld region than improvement
of pinning.
Thus, the main limitation of critical current density at low ﬁeld occurs on poorly
connected/transparent grain boundaries, which is attenuated by small grain sizes
and pinning centers in C-doped MgB2 . Improving the connectivity of MgB2−x Cx
superconductors would lead to self ﬁeld values about one order of magnitude higher
than have been achieved at this stage. Moreover, it is desirable to create pinning
centers as transparent to current ﬂow as possible, in order to eliminate Jc dissipation, which would further increase low ﬁeld Jc values.

In summary, a strong correlation between the microstructural features and the
electromagnetic behaviour of MgB2−x Cx superconductors has been observed and
explained in this work. The liquid mixing approach described herein paves the
way for exploration of a new class of C-based compounds, which may further improve the properties and simplify the fabrication of MgB2−x Cx superconductors.
The observations described in this thesis will be useful for consideration of optimal
doping materials and processing parameters in order to produce MgB2−x Cx superconductors with the electromagnetic characteristics required for various practical
applications.
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